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Preface 


In recent years, atomic force microscopy (AFM) has become a technique of choice 
for non-destructive solid surface imaging and characterization with an atomic 
resolution. It is also the instrument that is commonly used in measurements of 
long-range and short-range surface forces for microscopic particles and nano-sized 
probes. With the AFM instrument, and other techniques classified under scanning 
probe microscopy, we are now capable of exploring the adhesion properties of 
materials from microscopic scale down to molecular level, which are required for 
developing micro-systems and nano-devices (where gravity does not matter and 
behaviour of systems is controlled by interactions between surfaces in contact or 
separated by only a few nanometers). The AFM has become established, therefore, 
as a problem-solving tool in the development of microsystems and nanotechnology. 
It has also become one of the basic analytical tools in applications relevant to 
particle-solid and particle-liquid interactions. It can deliver data on colloidal and 
molecular forces as well as local properties of materials that stimulate development 
of new and improved technologies in selective flotation of minerals, recovery of 
polymers from plastic waste, deinking of recycled paper, recovery of oil from 
mined oil sands, cleaning electronic materials from nanoparticles, design of new 
nanocomposites, fabrication of novel biosensors, and others. 

This book provides a comprehensive review of AFM techniques and their appli- 
cation in adhesion studies. Over 100 authors have contributed to this book, and 
they provide a summary of current research on measurements and interpretation of 
particle-solid adhesion, capillary and molecular forces, solid surface imaging and 
mapping, and measurements of mechanical properties of materials at nanoscale. 
Also in this book, the contact mechanics models applicable to particle-substrate and 
particle-particle systems are discussed extensively. The process of compiling the 
technical papers presented in this book was inititated by us in the year 2000 during 
the preparation of a special issue of the Journal of Adhesion Science and Technology 
(JAST) on ‘Application of Scanning Probe Microscopy in Interfacial Phenomena’ 
(Vol. 14, No. 14). As we recognized that even with the present telecommunications 
revolution, it took time and effort to collect the published research articles on adhe- 
sion studies with the AFM technique, given their spread among numerous journals 
— not always easily accessible to many researchers — so we decided to compile 
information on this topic in an easily accessible source and this book is the result. 
The availability of focussed scientific information into a few accessible resources 
becomes attractive and gratifying to many researchers. The positive response that 
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we received from the readers of the first special issue of JAST motivated us to pre- 
pare and edit two other issues of this journal (Vol. 16, No. 7, 2002 and Vol. 19, 
No. 3-5, 2005) dedicated to the same topic. We have also noticed an increased sub- 
mission of manuscripts on the use of the AFM technique and contact mechanics 
studies to JAST in the last five years, and concomitantly, several interesting techni- 
cal reports have been published in regular JAST issues. 

In this single volume, we offer all the papers that were published in JAST on 
AFM and contact mechanics studies during 2000—-May 2005. This includes 30 
papers published in the three special issues dedicated to ‘Application of Scanning 
Probe Microscopy in Interfacial Phenomena’ and 12 published in regular JAST 
issues. A few errors that appeared in some of the original papers have been 
corrected in this book. All these peer-reviewed papers, written by internationally- 
renowned researchers, have been arranged according to the following topics: 
Adhesion Force Measurements, Chemical Origins of Adhesion, Roughness Effects 
in Adhesion Force Measurements, Capillary Adhesion and Wetting Phenomena, 
Measurements of Colloidal Forces, Adhesion Mapping and Surface Imaging, and 
Examination of Interphases and Nano-indentation. This book not only highlights 
the current progress made in applications of the AFM techniques in adhesion 
studies and characterization and mapping of solid surfaces, but also provides useful 
guidelines for experimental methodologies used in measurements of adhesion, 
molecular, colloidal and capillary forces. Applicability of theoretical models in the 
interpretation of recorded forces as well as the controversy surrounding the selection 
of models in the analysis of the AFM results are also emphasized in this book. 
We hope this book will serve as a reference for both new and current users of the 
scanning probe microscopes, particularly those who are engaged in exploring both 
fundamental and practical aspects of adhesion phenomena. To our knowledge, this 
is the first book exclusively dedicated to this important and burgeoning topic. 

This book could not materialize without contributions from the authors of 
included papers, time and effort that reviewers dedicated to the manuscripts during 
the review process, and help received from the publisher. We thank them all! 


JAROSLAW DRELICH and KASH L. MITTAL 
June 2005 
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Application of atomic force spectroscopy (AFS) to studies 
of adhesion phenomena: a review 


F. L. LEITE!? and P. S. PD HERRMANN !* 


! Embrapa Agricultural Instrumentation, Rua XV de Novembro 1452, CEP 13560-970, Sado Carlos, 
Sdo Paulo, Brazil 

2 Institute of Physics of Sdo Carlos, University of Sdo Paulo (USP), CEP 13560-970, Sao Carlos, 
Sao Paulo, Brazil 


Abstract—This review article describes the fundamental principles of atomic force spectroscopy 
(AFS) and how this technique became a useful tool to investigate adhesion forces. AFS is a technique 
derived from atomic force microscopy (AFM) and can determine, at every location of the sample 
surface, the dependence of the interaction on the probe-sample distance. AFS provides valuable 
information, at the nano-scale, such as, for example: (i) how the magnitude of the adhesion force 
depends on long- and short-range interactions and (ii) the tip-sample contact area. An overview 
about the theory and experiments with local force spectroscopy, force imaging spectroscopy, chemical 
force microscopy and colloidal probe technique is presented. The many applications of the AFS 
technique for probing surface interactions open up new possibilities to evaluate adhesion, an important 
characteristic of materials. 


Keywords: Atomic force spectroscopy; adhesion phenomena; surface properties; atomic force 
microscopy; interfacial phenomena. 


1. INTRODUCTION 


In 1980-1981 Binnig and co-workers at the IBM Ziirich Research Laboratory 
developed a new type of microscope which they called the scanning tunneling 
microscope (STM) [1], being the first one in the scanning probe microscopy (SPM) 
family, that allowed visualization of surfaces on an atomic scale. Although the STM 
technique is limited to electrically conducting samples, it led to the development of 
numerous devices that utilize a range of physico-chemical interactions between a 
tip and sample surface. Equally important, this family of techniques includes one 


*To whom correspondence should be addressed. Tel.: (55-16) 3374-2477. Fax: (55-16) 3372-5958. 
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of the most commonly used SPM systems, the atomic force microscope (AFM) [2], 
which can image surface topography of both insulating and conductive samples. 

In general, the AFM studies can be divided into topographical applications 
(imaging mode) and force spectroscopy or so-called atomic force spectroscopy 
(AFS), i.e., measuring forces as a function of distance [3-6]. The former group 
generates an image of the sample surface to observe its structural or dynamic 
features and it has been employed very effectively on a wide variety of surfaces, 
including semiconductors [7], biological systems [8-11] and polymers [12-15], 
with resolution in the micrometer to subnanometer range, thus facilitating imaging 
at the submolecular level. The second group (AFS) is one of the most promising 
and interesting research areas related to SPM [16], allowing the study of inter- 
and intra-molecular forces. AFS has already been successfully applied to studies 
of biological systems [17-19], polymers (Refs [20—23] and data not shown) and 
interfacial phenomena [3, 24-28]. The aim of this review is to provide a glimpse 
of the potential and limitations of the application of AFS to studies of adhesion 
phenomena. 


2. ATOMIC FORCE MICROSCOPY 
2.1. Principle of operation 


This section briefly introduces the basic elements of AFM and its principle of 
operation. The microscope scans over the sample surface with a sharp probe, or 
tip, situated at the apex of a flexible cantilever that is often diving board-shaped or 
V-shaped and normally made of silicon. AFM utilizes a piezoelectric scanner that 
moves the sample with a sub-nanometer displacement when a voltage is applied. 
This piezoelectric system is employed to move the sample in three dimensions 
relative to the tip (Fig. 1). To form an image, the tip is brought into contact with 
or close to the sample and raster-scanned over the surface, causing the cantilever 
to deflect because of a change in surface topography or in probe-sample forces. 
A line-by-line image of the sample is formed as a result of this deflection, which 
is detected using laser light reflected off the back surface of the cantilever onto a 
position-sensitive photodiode detector [29, 30]. 

Forces acting between the sharp probe (tip) placed in close contact with the sample 
result in a measurable deformation of the cantilever (console) to which the probe 
is attached. The cantilever bends vertically upwards or downwards because of a 
repulsive or attractive interaction. The forces acting on the tip vary, depending 
on the operating mode and the conditions used for imaging. A number of AFM 
imaging modes are available. The most widely used is the contact mode (C-AFM) 
[2, 31]; in this regime, the AFM tip is in intimate repulsive contact with a surface. 
Scanning can be done in two different ways: (1) in the ‘constant-force mode’ the 
cantilever deflection is kept constant by the extending and retracting piezoelectric 
scanner; in this method, a feedback loop adjusts the height of the sample (to 
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Figure 1. A schematic drawing of an atomic force microscope. A detector consisting of four 
photodiodes is shown. Scanning perpendicularly to the long cantilever axis, the (A + B) — (C+ D) 
signal gives topographical data, while the (A + C) — (B + D) signal responds to friction due to torsion 
of the cantilever, providing lateral force information. 


maintain constant deflection) by varying the voltage applied to the z portion of 
the xyz piezoelectric scanner. (2) In the ‘variable-deflection mode’ or ‘constant 
height mode’ the piezotube extension is constant and the cantilever deflection is 
recorded; in this method, the feedback loop is open, so that the cantilever undergoes 
a deflection proportional to the change in the tip-sample interaction. 

‘Friction force microscopy (FFM)’ [32] is a variant of the contact mode, in 
which the laser beam detector is arranged so as to allow monitoring not only 
of the vertical component of the tip deflection (topography), but also the torsion 
deformation exerted by the lateral forces acting on the tip end. Yuan and Lenhoff 
[33] demonstrated clearly the versatility of the FFM technique. The authors 
measured surface mobility of colloidal latex particles adsorbed onto mica by moving 
the particles with an AFM tip in the lateral force microscopy mode. Their data 
showed that the mean lateral force was proportional to the particle diameter, while 
the effect of electrostatic interactions on the mobility of adsorbed particles was 
seen to be weak. The results were consistent with classical theories of friction 
in macroscopic systems. Recently Zamora et al. [34] showed that a water layer, 
adsorbed on the sample surface, affected both the normal force at the nanoasperity 
contacts by the effect of a meniscus loading force and the friction force. The 
influence of the water condensed at the tip—surface contact on the friction force was 
studied for hydrophilic, partially hydrophilic and hydrophobic surfaces. The results 
showed that surface wettability affected significantly the dependence of friction on 
the normal force and scan velocity. 
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The contact mode allows tracking of surface topography with a high precision and 
also provides a high lateral resolution of 0.2-0.3 nm (down to true atomic resolution 
under appropriate conditions [35]), but imposes a high local pressure as well as 
shear stresses on the surface. In contact-mode imaging, the deflection of the tip 
is mainly caused by the repulsive forces between the overlapping electron orbitals 
between the tip atoms and the sample atoms. The dominant attractive force is a 
van der Waals force arising primarily from the induced dipole interactions among 
atoms of the tip and specimen [36]. When the image is obtained in air, layers of 
water are adsorbed, producing an additional strong attractive force due to the liquid— 
air interfacial tension. While in liquids, contributions from electrostatic Coulomb 
interactions between charges on the specimen and tip (either occurring naturally or 
induced because of polarization), structural forces, such as hydration and solvation 
forces, and adhesion forces should be considered. However, in a fluid environment, 
the surface tension forces are abolished and van der Waals forces are typically also 
reduced due to screening of these forces by the intervening dielectric, resulting in a 
reduced imaging force. 

Another way of avoiding the problems caused by the capillary layer is to use 
the longer-range attractive forces to monitor the tip-sample interaction. These 
attractive forces are weaker than the repulsive force detected in contact mode and, 
consequently, different techniques are required to utilize them. There are two main 
types of dynamic mode: the first is often known as the tapping or intermittent 
contact mode (IC-AFM) [37-39], whilst the second is usually called the non- 
contact mode (NC-AFM) [40-42]; the new techniques developed for the use of 
noncontact mode are achieving high lateral resolution (atomic resolution), and are 
showing new opportunities in sample analysis [43-45]. In the tapping mode, the 
cantilever is deliberately excited by an electrical oscillator to amplitudes of up to 
approximately 100 nm, so that it effectively bounces up and down (or taps) as it 
travels over the sample. The oscillation amplitude is measured as an RMS value of 
the deflection detector signal. The feedback system is set to detect the perturbation 
on the oscillation amplitude caused by intermittent contact with the surface [46, 47]. 
When the tapping mode is carried out in liquids, the tip of the cantilever taps the 
sample gently during part of the force curve; this mode is similar to the tapping 
mode operating in air, except that the sample is tapped against the tip instead of the 
cantilever being driven at resonance to tap the sample [48]. 

In the NC—AFM, the oscillating cantilever never actually touches the surface of 
the sample, the spacing between the tip and the sample for NC-AFM is on the order 
of tens to hundreds of Angstroms, with an oscillation amplitude of only about 5 nm. 
Non-contact mode usually involves a sinusoidal excitation of the cantilever with a 
frequency close to its main resonant frequency. In order to excite the vibration of the 
probe, in some applications, it is convenient to externally modulate the long-range 
probe-sample interactions. Therefore, the relatively long-range attractive forces 
induce changes in the amplitude, frequency and phase of the cantilever and maintain 
a constant distance during scanning [49]. These changes in amplitude or in phase 
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can be detected and used by the feedback loop to produce topographic data. Other 
forms will be to attach a bimorph piezoelectric to the cantilever, or if the sample can 
be excited by a suitable piezoelectric actuator. 

The force modulation mode [50, 51] is an extension of the dynamic mode that 
uses very large vertical oscillations in which the AFM tip is actually pressed against 
the surface and the z feedback loop maintains a constant cantilever deflection (as for 
constant-force mode AFM). The tip moves laterally, point-by-point, over the surface 
and a complete distribution of the surface elastic properties (amplitude signal) 
and/or energy dissipation characteristics (phase signal) is collected concurrently 
with the topographical image [52]. The amplitude damping is determined by the 
elastic surface deformation against a hard tip. Usually, the elastic constant of the 
cantilever should be large to achieve reasonable contrast in the force modulation 
mode. In this mode experiments are typically conducted at the resonant frequency 
of the driving bimorph element (8-10 kHz) and oscillation amplitudes of 1 to 
5 nm [53]. 

Figure 2 represents the tip~sample interaction force (F(D)) with different AFM 
operation modes. At short distances, the cantilever mainly senses interatomic 
forces: the very short range (~0.1 nm) Born repulsive forces and the longer-range 
(up to 10 nm) van der Waals forces. At very small tip-sample distances, a strong 
repulsive force appears between the atoms of the tip and those of the sample. This 
repulsive force occurs between any two atoms or molecules that approach so closely 


Force 
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———= Contact mode { i 


—————* 
Tapping mode | 
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Figure 2. Empirical force vs distance curve that reflects the type of interaction between the scanning 
tip and sample during AFM measurements using specific imaging modes (adapted from Ref. [55]). 
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that their electron orbitals begin to overlap. It is thus a result of the so-called Pauli 
Exclusion Principle [54]. When this repulsive force is predominant in an AFM 
set-up, tip and sample are considered to be in ‘contact’ (regime of contact mode). 

The total intermolecular pair potential is obtained by assuming an attractive 
potential, (—C,/z°) and a repulsive potential, (C2/z!*). Superimposing the two 
gives an expression for the well-known Lennard-Jones potential: U = C2/z!* — 
C,/z°, where C; and C; are the corresponding coefficients for the attractive and 
repulsive interactions, respectively, and z is the distance between the sample surface 
and rest position of the cantilever. 

To describe the AFM tip and sample interactions, one needs to sum the attractive 
and repulsive potential pairs over all interacting atoms. A simple summation for all 
the atoms of the tip and sample is a good approximation for repulsive force (the first 
term of equation above). However, the van der Waals interaction (second term) is 
non-additive, i.e., the interaction of two bodies is affected by the presence of other 
bodies nearby, and a simple sum of the pair-wise interactions is usually greater 
than the actual force between the macro bodies of interest [55, 56]. To take into 
account non-additivity of the van der Waals part of the interaction, some methods 
can be used [57, 58]. Nevertheless, an additive approximation is used in many 
practical applications, including atomistic simulation of AFM [59]. In particular, 
the van der Waals interaction between the atoms at the end of the tip and in the 
surface is taken into account explicitly by summing the interactions of all pairs 
of atoms. However, a full tip contains billions of atoms and it is impossible to 
sum all the interactions; therefore, an approximation must be made based on the 
local geometry, material properties and structure of the tip [60, 61]. Hamaker [62] 
performed the integration of the interaction potential to calculate the total interaction 
between two macroscopic bodies using the following approximations: (1) the total 
interaction is obtained by the pair-wise summation of the individual contributions 
(additivity); (2) the summation can be replaced by an integration over the volumes 
of the interacting bodies assuming that each atom occupied a specific volume, with 
a density p (continuous medium); (3) p and C (interaction constant defined by 
London [63] and is specific to the identity of the interacting atoms) should be 
uniform over the volume of the bodies (uniform material properties). 

However, for van der Waals interaction derived from second-order quantum per- 
turbation theory [64] is only an approximation to reality, since the internal states of 
molecules, i and j will be modified by the presence of all other molecules of the 
system, which means that the assumption of pair-wise additivity is not completely 
correct, especially in condensed phases, where the mean distance between atoms 
is small and many-body effects cannot be ignored. This problem can be solved 
by a different approach, proposed by Lifshitz in 1956 [65]. Basically, the Lifshitz 
or macroscopic approach considers the interactions between electromagnetic waves 
emanating from macroscopic bodies. The detailed original treatment is very com- 
plicated [66] and requires sophisticated mathematics, but several more accessible 
accounts have subsequently been published [67, 68]. The Lifshitz approach has 
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the great advantage of automatically incorporating many-body effects and of being 
readily applicable to interactions in a third medium [69-71]. 


2.2. Atomic force spectroscopy 


Atomic force microscopy (AFM) can be used to determine the dependence of the 
interaction on the probe-sample distance at every location [72]. To determine the 
spatial variation of the tip-sample interaction, force curves can be recorded at a 
large number of sample surface locations, using the technique of atomic force 
spectroscopy (AFS). With AFS it is possible to obtain the following information: 
(i) the magnitude of the force which depends on long-range attractive and adhesion 
forces, (ii) estimation of the point of tip—sample contact, (iii) the tip—sample contact 
area and (iv) the elastic modulus and plasticity of thin and thick films [73, 74]. 

The point of contact is defined as the intersection of the contact region of the 
force curve and the non-contact region of the force curve, i.e. the point of contact is 
that height where the tip would have touched the sample, if there was no attractive 
force resulting in a mechanical instability so that the tip jumps to the sample [75]. 
The contact area can be described and expressed by several continuum contact 
mechanics theories [74], besides modern molecular dynamics calculations that have 
been the source of many important insights into nano-scale mechanics [76]. The 
choice of the appropriate theory depends on the relative magnitudes of the materials 
properties and surface forces. Mechanical properties such as elastic modulus and 
hardness can be obtained from the corrected slope of the force curve after contact 
[77]; for more details, see Refs [78, 79]. One must choose the proper mechanical 
relationships with which to evaluate the data in order to determine the materials 
properties of the sample as well as the tip~sample contact area [80]. 


2.2.1, Local force spectroscopy. With commercially available cantilevers, AFM 
may be used to measure forces accurately down to approx. 10 pN [81]. It is possible 
to investigate the complex inter- and intra-molecular interactions, the ranges, 
magnitudes and time-dependence of rupture forces, the mechanical properties 
of molecules and the strength of individual bonds [82, 83]. There are several 
features of AFM that make it ideal for force sensing, such as the sensitivity of the 
displacement (around 0.01 nm), a small tip-sample contact area (about 10 nm?) and 
the ability to operate under physiological conditions [84]. In order to evaluate how 
the force mapping experiments are conducted, it is necessary to understand how 
single-point force—distance curves are obtained and what information they provide 
about tip—sample interaction. 

In local force spectroscopy (LFS) (Fig. 3a), the force curve is determined at a 
particular location on the sample surface. At the start of the cycle, a large distance 
separates the tip and sample, there is no interaction between the tip and sample 
and the cantilever remains in a non-interacting equilibrium state (point (a)). As 
separation decreases, the tip is brought into contact with the sample at a constant 
velocity until it reaches a point close to the sample surface. As the sample moves 
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Cantilever deflection (nm) 


Sample displacement (nm) 


Figure 3. When performing force measurements, the AFM tip is brought into and out of contact with 
the sample at a fixed point. The effect that the sample has upon the deflection of the tip is plotted 
against the displacement of the sample in the z-direction. (a) Local force spectroscopy and (b) force 
imaging spectroscopy. 


towards the tip various attractive forces pull on the tip (long- and short-range 
forces). Once the total force gradient acting on the tip exceeds the stiffness of 
the cantilever, the tip jumps into contact with the sample surface (jump-to-contact) 
((b)—>(c)). At point (d), the tip and sample are in contact and deflections are 
dominated by mutual electronic repulsions between overlapping molecular orbitals 
of the tip and sample atoms ((a)—(d)) is the approach curve. The shape of segment 
(c)—>(d) indicates whether the sample is deforming in response to the force from 
the cantilever. The slope of the curve in contact region is a function of the elastic 
modulus and geometries of the tip and sample and will only approach unity for rigid 
systems [85-87]. This slope can be used to derive information about the hardness 
of the sample or to indicate differing sample responses at different loadings. The 
segment (d)—(e) is showing the opposite direction of the segment (c)—>(d). The 
piezoscanner is travelling in the backward direction. If both segments are straight 
and parallel to each other, there is no additional information content. If they 
are not parallel, the hysteresis gives information on plastic deformation of the 
sample [88, 89]. 

During withdrawal curve (d)—>(h), as the tip~sample surface distance decreases 
((e)—>(f)), adhesion or bonds formed during contact with the surface cause the tip 
to adhere to the sample up to some distance beyond the initial contact point on 
the approach curve. As the piezotube continues retracting, the spring force of the 
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bent cantilever overcomes the adhesion forces and the cantilever pulls off sharply, 
springing upwards to its undeflected or noncontact position ((f)—>(g)). Finally, 
the tip-sample surface distance continues to decrease and the tip completely loses 
contact with the surface and returns to its starting equilibrium position ((g)—>(h)). 
Figure 3b shows a force—volume data set, that contains an array of force curves 
and a so-called height image. Force—volume imaging is based on collecting arrays 
of force curves. Individual curves are transformed into force—distance curves and 
all the curves are assembled into a three-dimensional force—volume [3] (for more 
details, see Section 2.2.2). 

Approach and withdrawal curves can be divided roughly into three regions: the 
contact line, the non-contact region and the zero line (Fig. 4). The zero line is 
obtained when the tip is far from the sample and the cantilever deflection is close 
to zero (when working in liquid, this line gives information on the viscosity of 
the liquid [74]). When the sample is pressed against the tip, the corresponding 
cantilever deflection plot is called the contact line and this line can provide 
information on sample stiffness. The most interesting regions of the force curve are 
two non-contact regions, containing the jump-to-contact and the jump-off-contact. 
The non-contact region in the approach curve gives information about attractive 
(van der Waals or Coulomb force) or repulsive forces (van der Waals in some 
liquids, double-layer, hydration and steric force) before contact; this discontinuity 
occurs when the gradient of the tip—sample force exceeds the spring constant of 
the cantilever (pull-on force). The non-contact region in the withdrawal curve 
contains the jump-off-contact, a discontinuity that occurs when the cantilever’s 
spring constant is greater than the gradient of the tip-sample adhesion forces (pull- 
off force). A convenient way to measure forces with precision is to convert them 
into deflections of a spring, according to Hooke’s law: 


F = —k,6o, (1) 


where the cantilever deflection 6, is determined by the acting force F and the spring 
constant of the cantilever, k,. 

Although the manufacturer describes spring constants for the cantilevers, the 
actual spring constant may deviate from this value by an order of magnitude. It 
is, therefore, necessary to determine the spring constant experimentally. This may 
involve determining: (i) the resonant frequency of the cantilever before and after 
adding a small mass to the tip [90], (ii) ascertaining the unloaded resonant frequency 
with knowledge of the cantilever’s density and dimensions [91], or (iii) thermal 
fluctuation of the cantilever [92, 93]. In equation (1), the acting force leads to a 
total bending Az of the cantilever due interaction with the surface. The real probe- 
sample distance is then given by: 


D=z-— Az, (2) 


where z is the distance between the sample surface and rest position of the cantilever 
and Az is the sum of the cantilever deflection, 6., and sample deformation, 
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Figure 4. (a) Force curve on sisal fibers illustrating the points where jump-to-contact (approach) and 
jump-off-contact (withdrawal) occur and the maximum values of the attractive force (pull-on force 
and pull-off force); (b) contact mode topography image of sisal fiber. 


5, [74]. Since we do not know in advance the cantilever deflection and the 
sample deformation, the distance that can be controlled is the displacement of the 
piezotube. Therefore, the raw curve obtained by AFM should be called ‘deflection— 
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displacement curve’ rather than ‘force—distance curve’ [74]. This latter term should 
be employed only for curves in which the force is plotted vs. the true tip-sample 
distance (Fig. 2). 

A complete force curve consists of two portions amounting to the movement of the 
probe towards the sample (approach) and its retraction back to its starting position 
(withdrawal). Figure 4a illustrates these two portions of the force curve for the case 
of measurements performed on a sisal fiber surface. The authors studied the surface 
chemistry by force spectroscopy and investigated the morphological changes caused 
by chemical treatments of sisal fibers. By AFM, it was possible to observe that the 
untreated sisal fiber (Fig. 4b) consisted of lengthwise macrofibrils oriented in the 
same direction. The adhesion force between the AFM tip and the surface of the 
fibers was found to increase after benzylation of the fibers, indicating a rise in their 
surface energy. The distribution of the measured adhesion force over an area of 
1 zm? was very nonuniform in all samples, but the low adhesion sites disappeared 
after benzylation. These results illustrate how the AFM can be used to detect 
heterogeneity in the wettability of fibers, such as sisal, with nanometer resolution 
and can be applied in the study of fiber-matrix adhesion in polymer composites. 

The hysteresis apparent in Fig. 4a is due to the adhesion force between the probe 
and sample. For clean surfaces of probe and sample, adhesion can result from van 
der Waals interactions [94] or from covalent or metallic bonding between the probe 
and sample [95]. However, since the experiment was realized in ambient conditions, 
the pronounced hysteresis is due also to capillary forces [4, 96], as we will see in 
more detail in Section 3.3. 


2.2.2. Force imaging spectroscopy. In the mid-1990s, the idea of collecting 
data from force-distance curves obtained from many points on a sample was 
introduced, effectively to produce a map of the tip-surface interactions [97, 98]. 
Layered imaging is an SPM technique in which several measurements of cantilever 
deflection are made at each image pixel. Each measurement of a deflection at a 
given displacement is recorded. When all measurements for the current pixel are 
completed, the process is repeated at the next pixel and so on through the scan 
area. The resulting spatial maps represent the lateral variation of adhesion force 
due to material inhomogeneities and the surface topography [22]. The resulting 
three-dimensional data set can be thought of as a stack of ‘layers’ of images (see 
Fig. 5b). Each horizontal layer is an image which represents measurements taken 
throughout the scan area at a specified height z. Since several measurements are 
made at each pixel, the data set can also be processed vertically to yield the force— 
distance curve at each pixel. This force imaging spectroscopy (FIS) mode of AFM 
can thus be used to measure adhesion [99], hardness, or deformability of samples. 
Many probe-sample interaction mechanisms can be studied. 

For example, the spatial adhesion map for a 5 x 5 zm? mica surface contaminated 
by organic compounds is shown in Fig. 5a. The outward movement (withdrawal) 
of the cantilever (sections d-e, e-f and f—g of the force-distance curve shown in 
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Fig. 3a) was monitored and plotted. The pull-off force contrast in adhesion map 
images was adjusted to range between 0 nN (white pixel in the upper left corner 
of each image) and 20 nN (black pixel in the upper left corner of each image). 
For the cleaved mica surface, a mean pull-off force of 19 nN and a variance (i.e., 
squared standard deviation) of 3 nN’ were calculated from the best fit of a normal 
distribution to the pull-off force histogram. 

Adhesion maps can be constructed by measuring the vertical displacement of 
the sample, driven by the piezoscanner, with respect to its displacement when the 
cantilever is at rest position. Force curves can be digitally acquired at 100 or more 
points equally spaced from each other over the scanned area of the surface. Each 
force curve is comprised of a row of a maximum of 250 data points acquired during 
the vertical movements of approach and withdrawal of the cantilever; software is 
used to create the adhesion maps (Fig. 5b). 


Lower adhesion site 


Higher adhesion site 


(a) 
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Force (nN) 


BHGGBHOHOO0 
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Figure 5, (a) A5 x 5 4m map of the pull-off force recorded with a Siz3N4 AFM tip on a contaminated 
mica surface; (b) adhesion map plot illustrating the variability of the adhesion force on mica in air. 
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Tapping mode AFM (IC-AFM) has also been used to map tip—surface interactions 
[100, 101]. In this mode, the cantilever oscillates at its resonant frequency at 
a position just above the surface, so that the tip is in contact with the surface 
for only a very short time. A feedback loop ensures that the amplitude of the 
cantilever oscillation remains almost constant. It is possible to measure the phase 
difference between the driving oscillation and the detected cantilever oscillation, 
generating a phase difference map. An increase in the phase difference arises 
from a stronger tip-sample interaction, creating contrast in the phase map [102]. 
However, there are still problems associated with many of the alternative methods 
for determining tip-sample interactions. Although, the image contrast is very much 
under discussion [103]. 

Another possibility is to use the so-called dynamic mode AFM operated in the 
frequency modulation mode (FM—AFM). Schirmeisen et al. [104] measured metal— 
polymer adhesion properties by dynamic force spectroscopy with functionalisation 
of the tip by a thin layer of aluminum, while the polymer was plasma-etched. They 
found that plasma etching of the polymer resulted in strongly enhanced interactions, 
indicating a chemical activation of the polymer surface. Sokolov er al. [105] 
analyzed the possibility of using noncontact atomic force microscopy to detect 
variations in surface composition, i.e., to obtain a ‘spectroscopic image’ of the 
sample. The authors concluded that long-range forces acting between the AFM tip 
and the sample depended on the composition of both tip and sample. They showed 
theoretically how van der Waals forces could be utilized for force spectroscopy. 
Various results have been achieved in detecting the van der Waals interactions by 
use of molecular dynamics (MD) simulations and AFM measurements [106-108]. 


2.3. Chemical force microscopy 


Adhesion is governed by short-range intermolecular forces which in many cases can 
be controlled by appropriate surface modification. This provides a specific chemical 
functionality on the probe surface. This technique is known as chemical force 
microscopy (CFM) [109-113] and it can be used to evaluate the strengths of specific 
forces of attraction directly and adds chemical interaction to a mechanical surface 
probe [114]. The AFM tip is first covered with an ordered monolayer of organic 
molecules (a self-assembled monolayer) to give it a specific chemical functionality. 
The force of interaction can be estimated from the excess force required to pull 
the tip free from the surface. The functionalization of the cantilever surface is a 
methodology that has been applied to biosensors [115]. 

Development of CFM has enabled investigation of the adhesion [116-118] 
and friction [119-121] between surfaces in close, molecular contact and the 
measurement of nanometer-scale tribological phenomena [122]. Starting around 
1993, several papers have been published on the topic of CFM. The pull-off 
force, friction force measurements [123-125] and also simulations using molecular 
dynamics (MD) have been used to investigate the indentation and friction properties 
of SAMs and the rupture of films bonded to solid substrates [126-128]. CFM 
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is a newly emerging method introduced recently for probing surface chemical 
composition with high resolution [110, 129]. 

One of earliest examples used tungsten tips to perform force measurements on 
two chemical monolayers [85], demonstrating that it was possible to distinguish 
between two self-assembled monolayers (SAMs), one terminating in CH3 groups 
and the other in CF3, simply by comparing the force—distance curves obtained from 
each surface. The investigation of force sensing has made rapid progress with 
the incorporation of surface chemistry techniques to bind specific chemical groups 
to the AFM tip [130]. An approach often employed is to produce gold-coated 
tips, which are modified with SAMs of thiol compounds terminated in a chosen 
functional group (Fig. 6). There is an extensive literature on the subject which 
should be referred for more detailed information on the formation and properties of 
self-assembled monolayers [131-133]. 

The functionalized tips can then be used in force—distance curve measurements. 
The general idea, in this case, is to probe the adhesion forces between the tip and 
the surface, both with well-defined chemical composition. This type of chemical 
functionalization is used in some research laboratories because of the well-defined 
surface properties of monolayers studied [134-137]. The most consistent pull- 
off force studies involving CH3-terminated monolayers have been done in liquid 
environments [138-144]. 

It is important to understand and characterize the fundamental interactions be- 
tween different tips and sample surfaces under different environmental conditions. 
Eastman and Zhu [145] measured the adhesion force between modified AFM tips 
and a mica substrate by atomic force spectroscopy. The results show that the ad- 
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Figure 6. Scheme for chemical modification of tips and sample substrates. Tips and substrates are 
first coated with a thin layer of Au (50-100 nm) and then, upon immersion in a solution of organic 
thiol, a dense SAM is formed on the Au surface. Similarly, cleaned Si or Si3Nq tips can be derivatized 
with reactive silanes. The functional groups comprise the outermost surface of the crystalline SAM, 
and the tip-sample interaction can be fine-tuned by varying the chemistry at the free SAM surfaces. 
The R in RSH and RSiCl3 represents an organic alkyl chain that ends with a functional group X (KX = 
CH3, COOH, CH20OH, NHb, etc.) (reprinted with permission from Ref. [132]). 
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hesion force is sensitive to the surface energies of the materials coated on the tips, 
e.g., the adhesion force between a gold-coated tip and a mica surface is much larger 
than that between a paraffin-coated tip and a mica surface. The authors also show 
that both the van der Waals and capillary forces between the AFM tip and the sub- 
strate can account for this behavior of the adhesion forces. There have been only a 
limited number of attempts to correlate the measured adhesion forces and energies 
predicted by interfacial energy theories [123, 146, 147]. This is due to the dif- 
ficulty in calculating the interfacial energy from the directly-measurable adhesion 
force, mainly because of the continuing uncertainty whether the Johnson—Kendall- 
Roberts (JKR) [148] or the Derjaguin—Muller-Toporov (DMT) [149] theory of the 
adhesion contact should be applied to analyze the adhesion forces between the tip 
and the substrate. 

Beach et al. [150] measured pull-off forces between hexadecanethiol monolayers, 
self-assembled on gold-coated silicon nitride cantilever tip and silicon wafer, using 
AFM. The authors concluded that the AFM technique appeared to be a very useful 
tool in the examination of surface free energy of engineered materials. The surface 
energy of the self-assembled monolayer of hexadecanethiol was calculated to be 
in the range 24.28 + 6.61 to 26.93 + 9.57 mJ/m? using the measured pull-off 
force values. These values are between the values reported in the literature from 
contact angle and force curve measurements. Duwez and Nysten [136] used tips 
modified with methy]l- and hydroxyl-terminated alkanethiols and showed that AFM 
tips functionalized with alkanethiol SAMs could be utilized to map the distribution 
of adhesion forces on polypropylene (PP) surfaces (Fig. 7). The image in Fig. 7 
shows the lateral distribution of pull-off forces. The authors also found evidence 
for additives migrating toward the surface and modification of additive distribution 
on the surface due to material aging, utilizing laterally resolved adhesion force 
maps [151]. 

Recently, a study of the effect of topography on chemical force microscopy 
was carried out using adhesion force mapping [152]. The authors determined the 
distribution of adhesion forces measured in water by pulsed-force-mode atomic 
force microscopy (PFM-AFM). The peaks with the higher adhesion forces were 
attributed to the hydrophobic interactions between the CH3-terminated surfaces of 
the tip and the patterned sample in water. The results showed that variation in the 
grain sizes and in the multiplicity of contacts between the tip and convexities of 
the grains resulted in differences in the width of the distribution of the observed 
adhesion forces. 


2.4. AFM colloidal probe technique 


A fundamental understanding of the factors controlling adhesion and the possible 
development of adhesion-free surfaces can potentially benefit greatly from direct 
measurements of the strength of adhesion interactions. A number of studies have 
been carried out using the surface force apparatus technique (SFA) [153]. However, 
SFA requires molecularly smooth crossed cylindrical samples with a radius of 
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Figure 7. Typical adhesion map obtained on a few regions of the polypropylene surface with a CH3- 


terminated tip in water (a); histogram of adhesion force distribution corresponding to the adhesion 
map (b) (reprinted with permission from Ref. [151]; copyright 2001 American Chemical Society). 


the order of 1 cm. Thus, the development of the AFM has provided another 
experimental option for the measurement of surface forces which does not require a 
large smooth cross-section. Of special note is the use of colloidal probes, formed by 
attaching a single particle in the size range 1-20 um to the cantilever [154-158]. 
Examples of the cantilever with attached particle are shown in Fig. 8. 

Bowen et al. [156] used AFM to quantify the adhesion interaction between a 
silica sphere and a planar silica surface. The authors found that the experimentally 
measured adhesion forces depended on sample preparation and solution pH and 
that the adhesion of such surfaces was a complex phenomenon in which non-DLVO 
(Derjaguin—Landau—Verwey—Overbeek) interactions probably played a substantial 
overall role. AFM tips with a well-defined silica colloidal particle have also been 
used to measure the adhesion of lactose carriers [159]. With this method, maps 
of adhesion between an individual lactose particle and gelatin capsules have been 
obtained [160]. 

Cho and Sigmund [161] suggested using a multi-walled carbon nanotube (MWNT) 
as a micrometer-length spacer and as a nanosized probe. This small-size probe is 
generally used for high-resolution imaging of topography of the sample. They pro- 
posed a systematic approach for data collection with a nanosize colloidal probe and 
an example of a directly measured surface force curve obtained with the MWNT 
probe was presented. Finally, the use of MWNT in the conventional liquid mode 
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Figure 8. (a) Scanning electron micrograph of an 18 um polyethylene (PE) particle at the end 
of an AFM cantilever (2000 x). (Reprinted with permission from Ref. [165]; Copyright 2003 
American Chemical Society.) The particle was glued to the AFM cantilever with a small amount of 
epoxy resin using a procedure described in Ref. [158]. (b) Epoxy-based modification of cantilevers. 
Using commercially-available AFM cantilevers with integral tips, the free terminus of cantilever was 
coated with an epoxy resin. This epoxy-laden cantilever was then placed in direct contact with the 
sample. When the epoxy hardened, a portion of the sample was mechanically torn from the substrate 
to produce a cantilever-supported sample (reprinted with permission from Ref. [166]; copyright 
Elsevier). 


of AFM opens the possibility of directly measuring the interaction force. Other 
authors have used a carbon nanotube as an STM or AFM probe [162-166]. 


3. APPLICATION OF ATOMIC FORCE SPECTROSCOPY TO THE STUDY 
OF ADHESION FORCES 


3.1, Adhesion mechanics 


In general, the total adhesion force (pull-off force) between an AFM tip and a 
sample surface should include the capillary force (Fp), as well as the solid—solid 
interactions, which consist of van der Waals forces (Fygw), electrostatic forces (F.) 
and the chemical bonding forces (Fohem). 

If the measurement of the pull-off force is made in the presence of a ‘dry’ 
atmosphere, like nitrogen or vacuum, the adhesion force, Fygn, is due mainly 
to dispersion forces. Much of the present understanding of elastic adhesion 
mechanics (adhesion and deformation) of spheres on planar substrates is based on 
the theoretical work of Johnson, Kendall and Roberts (JKR) [148] and of Derjaguin, 
Muller and Toporov (DMT) [149]. Thus, studies of adhesion require application 
of either the JKR or the DMT theory. For a dissimilar sphere/flat system, in the 
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Derjaguin approximation, one can write: 


FN? = 20 R.wig; (3) 
where 7x; is the work of adhesion between two surfaces i and j in a medium k and 
R, is the tip radius. 

In the JKR theory, separation will occur when the contact area between the 
surfaces is dagn = 0.63a9, where do is the contact area at zero applied load. This 
separation will occur when the pull-off force is: 


3 
FER = — 57 Ron, (4) 

When plastic or elasto-plastic deformation occurs, both the DMT and JKR 
analyses do not hold. Instead, the Maugis and Pollock (MP) analysis [167] can 
be used, at least when full plasticity occurs. The MP analysis gives the pull-off 
force as [168]: 


MP _ 3 WiKi K 31/2 
adh 2(2 H)3/2 ’ 


where H is the hardness of the yielding material, K is reduced Young’s modulus and 
P is applied load. Generally, for ideally smooth surfaces the theoretically predicted 
FDMT and FIKR represent the lower and the upper limits of the experimentally 
measured F,gn, respectively. Hence, one can write [169]: 


(5) 


Fagn = —,R,Wix;, (6) 


where a, is a constant with values between (3/2)z (for soft materials) and 27 
(for hard surfaces). The JKR model should appropriately describe the adhesion for 
large spheres with high surface energies and low Young’s moduli, while the DMT 
model should be appropriate for describing adhesion of small spheres of low surface 
energies and high Young’s moduli. 

To decide on which model to use, the parameter ju is used, as suggested by Tabor 
[170]: 


2 1/3 
=) / 


= 2.92 
" ( K2z3 


where Zo is the equilibrium size of the atoms at contact. Tabor suggested that when 
yt exceeds unity, the JKR theory was applicable (4 > 1), otherwise the DMT model 
should be used (4 < 1). 

Descriptions of the transition between these limits (44 * 1) are provided by Miiller 
et al. [171], Maugis [172] and Johnson and Greenwood [173]. Contact area vs. load 
curves for each of the cases are shown in Fig. 9a [174]. The Maugis—Dugdale (M-D) 
theory can be expressed mainly in terms of a single non-dimensional parameter, the 
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Figure 9. JKR-DMT transition. (a) The relationship between contact area and load for an elastic 
sphere contacting a plane depends upon the range of attractive surface forces. Area—load curves for 
the JKR limit (short-range adhesion), DMT limit (long-range adhesion), and an intermediate case 
are shown. All of these approach the Hertz curve in limit y — 0 (no adhesion). Load and area are 
plotted in nondimensional units as indicated (reprinted with permission from Ref. [174]; copyright 
1997 American Chemical Society). (b) Map of the elastic behavior of bodies. When the adhesion is 
negligible, deformations fall in the Hertz limit (approximately F > 1032 @ R); when the adhesion is 
small the behavior of materials is described by the DMT theory (approximately 10-7 < A < 1073), 
whilst JKR theory predicts the behavior of bodies with high adhesion (approximately A > 10!). 
The Maugis theory suits the intermediate region (approximately 107! < A < 10!) (adapted from 
Ref. [175]). 
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Abstract—Atomic force microscopy is used as a vital tool in understanding the fundamental 
mechanisms of particulate processes in dry, humid and aqueous systems. Adhesion forces in both 
dry and humid systems were studied between surfaces of varying roughness, taking into account the 
capillary forces at high humidity conditions. Colloidal stability in aqueous systems due to non-DLVO 
forces and steric effects of surfactant aggregates formed on particle surfaces at varying pH and ionic 
strength conditions were investigated. The force—distance curves obtained by atomic force microscopy 
were used to determine the mechanical and thermodynamic properties of the self-assembled surfactant 
structures formed on the surface. Besides determining the repulsive force barrier provided by the 
surfactant aggregates in dispersion of slurries, the frictional interactions between surfactant adsorbed 
surfaces were measured using lateral force microscopy, providing valuable insights into the role of 
dispersants acting as lubricants. The range of interaction forces that can be explored using the Atomic 
Force Microscopy (AFM) can be utilized to predict, optimize and design a variety of industrially 
relevant processes such as chemical mechanical polishing (CMP), powder flow and handling and 
nano-dispersions, just to name a few. 


Keywords: Adhesion; atomic force microscopy; nanoscale roughness; capillary force; friction force, 
nanotribology; surfactant; colloid stability. 


1. INTRODUCTION 


Most industrial processes involve dry or aqueous colloidal systems, and the interac- 
tion forces in these systems need to be tuned according to the processing conditions 
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for optimal performance. Controlling the process and product quality based on the 
interaction forces requires accurate measurement and modeling of the force laws in 
relation to the relevant process variables. Atomic force microscopy (AFM) has en- 
abled direct measurement of nano- to pico-scale forces over atomic scale distances, 
which was inaccessible before. The interaction forces involved can be delineated 
using AFM to formulate precise theoretical expressions and manipulate the associ- 
ated macroscopic properties to design and formulate optimally performing systems 
of practical relevance. 

The interaction of two surfaces is usually dictated by the balance between 
the fundamental forces such as the van der Waals and the electrostatic forces 
(including ion-electrostatic and dispersion forces) as described by the Derjaguin— 
Landau—Verwey—Overbeek (DLVO) theory [1, 2]. In most cases, the interaction 
is not limited to these forces, alone and may include specific forces such as 
solvation, hydration, structural and hydrophobic forces, sometimes termed non- 
DLVO forces. Additionally, steric, hydrodynamic and frictional forces may also 
need to be considered in specific systems. The understanding of most industrially 
relevant phenomena such as particle adhesion and dispersion are based on the 
DLVO theory and other contact mechanics models such as the Hertz model [3], 
the Johnson—Kendall—Roberts (JKR) model [4] and the Derjaguin—Muller-Toporov 
(DMT) model [5]. The first systematic attempt at understanding the role of 
roughness in the interaction forces was made in terms of the Rumpf model [6]. 
The introduction of the AFM provided the capability of verifying the applicability 
of these theories to different length scales and revealed their limitations, thus 
necessitating the development of better models. 

This paper presents highlights of the use of the AFM as a measurement tool, 
aiding in modeling and verification, at the Particle Engineering Research Center 
(PERC) for predicting and optimizing colloidal interactions for formulating optimal 
performing slurries and coatings. Specifically, the results presented focus on: 

(a) the effect of roughness on the adhesion force between surfaces in dry systems 
and the role of atmospheric moisture encountered in practice; 

(b) AFM studies on the measurement of non-DLVO forces in silica systems to 
delineate the role of surface hydration or formation of a surface gel layer; 


(c) finally, the importance of colloidal stability in concentrated aqueous systems, 
with an emphasis on the interplay between the dispersion and lubrication prop- 
erties of surfactants, which are used to stabilize colloidal systems under ex- 
treme conditions such as those encountered in chemical mechanical planariza- 
tion (CMP). 


2. ADHESION FORCE IN DRY SYSTEMS 


Most engineering surfaces, regardless of the method of preparation, exhibit some 
finite surface roughness. For many modern materials, particularly in the microelec- 
tronics industry, the requirement for highly polished surfaces with roughness on the 
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angstrom scale is becoming increasingly common. Particle adhesion to these sur- 
faces is of critical importance due to the possibility of defects caused by adhered 
particles in applications such as micro-electro mechanical systems (MEMS) and 
nanotechnology. The existence of nanoscale roughness is known to dramatically 
reduce adhesion between surfaces due to decrease in the real area of contact and 
increase in the separation distance between the bulk surfaces [4, 7-10]. To under- 
stand the effect of surface roughness at the nanometer scale, the adhesion force must 
be accurately measured for very small deviations from ideally smooth surfaces. For 
this purpose, plates with controlled roughness were fabricated by deposition of alu- 
minum thin films (10-100 nm thick) on silicon wafer substrates [11, 12]. The AFM 
was used to characterize these surfaces with regards to the local topography and 
the adhesion force. The root mean square (RMS) roughness of the substrates was 
measured using the AFM on a scan size of 1.5 zm”. Adhesion force measurements 
were made with either an AFM silicon nitride tip or a glass sphere attached to the 
cantilever. Since the radius of the glass sphere was much larger than the scale of the 
roughness, it was expected that contributions from both the contact and non-contact 
forces could be significant. In the case of the AFM tip, the radius of curvature of 
10 nm as measured using scanning electron microscopy (SEM) was smaller than 
the scale of the surface roughness (10-20 nm). As a result, the contact force was 
expected to dominate the interaction, and the adhesion force values were expected 
to be much closer to those predicted for the interaction of smooth surfaces. Compar- 
ing these two geometries, the importance of the relative magnitude of the roughness 
compared to the size of the adhering particle can be revealed. 

All the AFM force-distance curves were measured at a frequency of 1 Hz 
and the spring constant of the cantilevers was determined using the method of 
Cleveland et al. [13]. The force of adhesion between nanoscale rough surfaces was 
calculated from pull-off force measurements made with an AFM. The experiments 
were performed in ambient air at a relative humidity of 45% as measured using 
a Fisher Scientific hygrometer. The particle on the AFM tip was brought in 
contact with the substrate and the adhesion force was measured from the pull- 
off point on the force-distance curve. No additional loading force was applied 
during the point of contact. The results validated previous investigations at larger 
roughness, where a decrease of adhesion force as a function of roughness was 
reported [14, 15]. Measurement of adhesion force was also performed at lower 
roughness than previously reported. It was experimentally determined that a root 
mean square (RMS) roughness value of 1.6 nm was enough to significantly decrease 
the force of adhesion by nearly a factor of five compared to the theoretical adhesion 
force between two smooth surfaces as predicted by equation (1). The magnitude of 
reduction in the adhesion force was additionally found to have a strong dependence 
on the radius of the probe (sphere or tip) contacting the surface (Fig. 1). When the 
adhesion force was measured with an AFM tip, whose radius was of the same order 
or smaller than the peak-to-peak distance or radius of the asperities, the decrease in 
adhesion force of a surface with roughness of 1.6 nm RMS was only 1.5 times, thus 
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more closely approximating the contact of an ideally smooth sphere and flat surface. 
The observed effect of nanoscale surface roughness on the dramatic reduction of 
the adhesion force could have a significant implication in the design and modeling 
of many industrial processes such as particulate coatings and de-dusting, and this 
necessitated the development of a reliable predictive model for the adhesion force. 

The key to predicting the adhesion force as a function of surface topography is to 
model the roughness in a manner that more closely resembles the true geometry of 
the surfaces. The PERC model was developed through a theoretical analysis of the 
surface topography measured experimentally using the AFM [11, 12]. The surface 
topography was described mathematically using both the height and breadth of the 
asperities, which were expressed as RMS roughness and peak-to-peak distance, 
A, respectively. The force of adhesion, F, scaled by the particle radius, R, was 
expressed as: 


1 1 
FA | eae et 
Lane 58.14R - RMS 2 1 
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where A is the Hamaker constant and H, is the minimum separation distance (0.3- 
0.4 nm). The local radius of the surface asperities determined by this method 
was much larger as compared to the previous models [10, 16]. The PERC model, 
using a van der Waals force based approach, predicts the force of adhesion within 
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Figure 1. Experimentally measured normalized adhesion force between a glass sphere or AFM tip 


and model substrates as a function of increasing nanoscale roughness. The solid line is a graphic 
representation of the trend observed in the measured values. 
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50% of experimental values, whereas previous models, Rumpf model [6] and the 
modified Rumpf model [12], underestimated the adhesion force by 10-50 times. 
Application of the proposed roughness geometries with the JKR model was found 
to further reduce the discrepancy, although fitting values for the work of adhesion 
were used [17]. More recently, Beach et al. have used the AFM to determine the 
work of adhesion of rough solids [18] based on pull-off measurements and their 
results are in good agreement with the PERC model. The model can be further 
improved by including the polar interactions that can be significant during contact 
of low RMS roughness surfaces. The PERC model has been extended for the case 
of adhesion between surfaces in the presence of relative humidity and is used to 
develop equation (2) as discussed in the following section. 


3. EFFECT OF RELATIVE HUMIDITY 


Relative humidity is another practical parameter encountered in fine powder (ap- 
prox. less than 100 jm) handling, and the resultant capillary forces contribute sig- 
nificantly to the adhesion force between the particles. A systematic investigation 
was conducted at the PERC to evaluate the role of humidity in adhesion between 
surfaces with nano-scale roughness. The simplified geometry of liquid bridges be- 
tween an ideal smooth solid sphere and flat substrate for varying humidity con- 
ditions is shown in Fig. 2. At any given circumstance, depending on the relative 
humidity, only one of the two radii would exist and the bridge would be symmet- 
ric. This geometry was the basis for the theoretical framework developed to predict 
the onset and magnitude of capillary and dry adhesion forces in the presence of 
nanoscale roughness [19]. The force of adhesion (F’) of a particle of radius R to a 
flat surface as a function of separation distance, H, at a given relative humidity was 
expressed as: 


(2) 


F 1.82 -RMS 
Ro 4ry £05 - a 
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where y is the surface tension of the liquid and @ is the contact angle of the liquid 
on the particle surface. RMS is the root mean square roughness of the surface 


Ideally smooth 
particle 
Meniscus at 
_ high humidity 
low humidity 


Figure 2. Schematic illustration of the meniscus formed in a capillary created by the adhesion of an 
ideally smooth particle to an asperity on a flat substrate for varying humidity conditions [19]. 
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and r is the equilibrium radius of the liquid bridge at the given relative humidity 
as calculated by the Kelvin equation [20]. This basic framework was validated 
with direct measurement of surface forces using the AFM. Capillary adhesion was 
substantially lower in the presence of nanoscale roughness as shown in Fig 3. The 
points in the figure represent the experimental data and the solid black line is the 
theoretical estimate using equation (2). The values of RMS roughness shown in 
Fig. 3 were used as fitting parameters for equation (2) and these values were in good 
agreement with directly measured values of roughness of the substrates. In addition 
to the lowering in the magnitude of the adhesion force, the critical relative humidity, 
where capillary forces are first observed, increased with the nanoscale roughness. 
Although higher scales (micrometer level) of roughness may be present on real 
surfaces, it is suggested that the smallest scale (nanoscale) roughness contributes 
primarily to the reduction in adhesion between the surfaces [19]. The reduction 
in adhesion in the dry state is due to decrease in contact area and increase in the 
separation distance between the bulk surfaces. This phenomenon is of significant 
practical relevance when de-dusting or detachment of fine particles from surfaces is 
required, or where powder caking might occur. 


Adhesion force/radius (N/m) 


0 20 40 60 80 100 
Relative humidity (%) 


Figure 3. Adhesion force measured between a smooth glass sphere and silica surfaces of two different 
roughnesses as a function of relative humidity. The points in the figure represent the experimental data 
and the solid black line is the theoretical estimate using equation (2). The values of RMS roughness 
shown in the figure were used as fitting parameters for equation (2) and these values were in good 
agreement with directly measured values of roughness of the substrates. 
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4, AQUEOUS SYSTEMS 
4.1. Silica gel layer 


Traditional and advanced technologies, such as controlled drug-delivery systems, 
abrasives for precision polishing, multifunctional coatings and nanocomposite 
materials, are increasingly relying on nanoparticulate precursor materials to achieve 
the best performance. Simultaneously, environmental and safety issues have driven 
industrial processes toward synthesis and processing in aqueous media. Silica 
surfaces are known to exhibit large repulsion forces at relatively short distances 
(<10 nm) in aqueous solutions, which result in unusual colloidal stability even at 
a pH around the point of zero charge (pzc). These forces are not in agreement 
with the conventional DLVO theory and are termed non-DLVO forces. Three 
leading hypotheses have been proposed. The first suggests that the non-DLVO 
forces are due to the structuring of water at the silica surface [21]. Due to the 
limited conformations available to water molecules (low entropy) in the region 
close to the surface, repulsion is observed when two oriented layers overlap. 
The second hypothesis suggests that the non-DLVO forces between hydrophilic 
surfaces in electrolyte solutions are due to the hydration of ions (hydration force 
and charge regulation mechanism) and their adsorption on the surface [22]. The 
third hypothesis suggests that the water molecules may dissolve or diffuse into 
and swell the silica surface (gel) layer, causing steric repulsion due to silicic acid 
chains constituting the gel layer [23, 24]. Depending on the operating mechanism, 
these non-DLVO forces may have significant implications in rheological properties, 
colloidal stability, filtration, and chemical mechanical polishing of silica both as a 
substrate and/or an abrasive. 

Interparticle forces were measured at the PERC between a Fisher Scientific 
borosilicate glass microscope slide and a Duke Scientific soda-lime glass mi- 
crosphere (30-40 nm) on a Digital Instruments AFM with Nanoscope Ila con- 
troller, in a fused silica liquid cell according to the methods described by Ducker 
et al. {25}. All glass surfaces were cleaned by rinsing in acetone and methanol fol- 
lowed by repeated rinsing with concentrated nitric acid and deionized water. After 
that they were boiled in acidified (pH 2-4) water for 24 h. Such a treatment has 
been reported for the Fisher finest glass slides to result in a surface that is primarily 
silica [26]. After the boiling treatment, the surfaces were subsequently heat treated 
at 600°C for 24 h. This treatment is expected to eliminate any adsorbed water on 
or in the glass surface. Additionally, treatment at temperatures greater than 500°C 
has been shown to significantly decrease the density and change the type of silanol 
groups on the silica surface [27]. Hence, it is expected that a gel layer on the treated 
sample would be thinner or nonexistent. After heat treatment, the rehydration time 
was kept to a minimum (of about 1 h) and the samples were used immediately for 
measurement. 

Particle-surface interaction forces were measured for various electrolyte concen- 
trations in the pH range 2-9. Attractive van der Waals forces were observed for 
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Figure 4. Experimentally measured force-distance profiles of the glass surfaces heated at 600°C. Only 
van der Waals attraction is measured between surfaces with low Stern potential and high electrolyte 
concentration (0.2 M KCI, pH 2). 


_ Medium Silica 


Figure 5. Schematic diagram of a five-layer model with smooth transition at each interface. The 
composition of the gel layer (layer 2) changes exponentially from bulk silica (layer 1) to bulk water 
(layer 3). The dielectric spectrum of layer 2 is not constant but varies between those of pure silica and 
pure water depending on position. 
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Figure 6. Theoretical force—-distance profiles for a hypothetical silica surface with a gel layer of 
2.0 nm thickness in a 1: 1 electrolyte. The interaction conditions are 0.001 M and 1 M concentrations 
of 1:1 electrolyte, corresponding to surface potentials of ~50 mV (dotted line) and 0 mV (solid 
line), respectively. At low ionic strength and high surface charge the lack of attraction appears as an 
additional repulsive force. However, as ionic strength is increased van der Waals attraction begins to 
dominate and instability may occur. 


surfaces with low Stern potential and high electrolyte concentration, whereas long- 
range repulsive forces were observed with no adhesion (van der Waals forces) for 
surfaces with high Stern potential and low electrolyte concentration (Fig. 4). The 
measured forces were attributed to the formation of a gel layer on silica, as a rigid 
surface swelled by water. The suggested hypothesis was modeled by calculating the 
decrease in van der Waals force that accompanies the formation of a gel layer as 
compared to the original silica surface. The method of Parsegian and Weiss [28] 
was modified to an exponential variation in the gel layer dielectric permittivity, as 
shown in Fig. 5. The modeling results are plotted in Fig. 6. Comparing the theoret- 
ical and experimental data using a Hamaker constant of 14.2 x 10~?! J, an average 
gel layer thickness, for the interaction of silica at pH 4, 6 and 9, was found to be 
approximately 2.0 nm [24]. 


4.2. Surfactant-mediated suspension stability 


The non-DLVO forces discussed so far are relevant in dispersion of selective sys- 
tems only. But high performance industrial processes are leading towards disper- 
sion of systems at extreme pH and electrolyte conditions. Electrostatic repulsion 
is often employed to stabilize homogeneous, low ionic strength suspensions where 
pH can be controlled in order to provide sufficient surface charge. However, with 
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Figure 7. Measured interaction forces between an AFM tip and a mica surface in 0.1 M NaCl solution 
at pH 4, both with and without 32 mM of C2TAB surfactant. The dotted line indicates the region of 
mechanical instability where the cantilever ‘jumps’ into contact with the surface. 


all other forces being constant, the electrostatic repulsive energy between particles 
decreases proportionally with size, thereby necessitating an extraneous source to 
disperse nanoparticles. This requirement for a larger repulsive force may be too 
high to be achieved through pH adjustment. Addition of inorganic dispersants, 
such as sodium silicate, may not always lead to suspension stability under the given 
solid-loading conditions. Furthermore, many processes such as chemical mechani- 
cal polishing and crystallization must operate in extreme environments (high ionic 
strength, temperature, extreme pH, or high shear rate), where electrostatic stabiliza- 
tion alone may not be adequate to prevent agglomeration. 

Adsorbed surfactant aggregates of alkyl trimethyl ammonium bromide (C,, TAB) 
at the solid—liquid interface were found to be effective dispersants under such 
conditions [29]. It was determined that the charge reversal process (due to the 
adsorption of oppositely charged surfactant) was not sufficient to produce a stable 
suspension in 0.1 M electrolyte solution. Instead, the steric repulsion due to 
elastic deformation of adsorbed surfactant aggregates was proposed as the primary 
stabilization mechanism at high ionic strength conditions. The repulsive force 
barrier measured using the AFM, as shown in Fig. 7 characterizes the steric 
repulsion encountered in these suspensions [29, 30]. Figure 8 demonstrates that the 
occurrence of the repulsive force correlates well with the stability of a suspension 
of 200 nm silica particles at pH 4. It confirms the critical role played by the force 
barrier in suspension stability. The formation of a repulsive barrier was found not 
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Figure 8. Turbidity in NTU (nephelometric turbidity units) of silica particles after 60 min in a solution 
of 0.1 M NaCl at pH 4 as a function of Cj2TAB concentration, and the measured interaction forces 
between an AFM tip and silica substrate under identical solution conditions. A significant repulsive 
force arises upon a change in concentration from 8 to 10 mM C,2TAB, which directly corresponds to 
the formation of a stable suspension. 


to correspond directly to the bulk critical micelle concentration (CMC). Instead, it 
appears at a concentration greater than the bulk critical hemi-micelle concentration 
but either below or just above the bulk cmc depending on the nature of the substrate 
as shown in Fig. 9. Possible mechanisms for this sudden appearance of repulsive 
forces include either a restructuring of the self-assembled surface surfactant layer, 
or a partial saturation of the surface resulting in limited mobility of the surfactant 
structures. 

The AFM force-distance curves, as shown in Fig 10, were used to determine 
the mechanical and thermodynamic properties of micellar dispersant layers formed 
at the solid—liquid interface [31]. The elastic modulus and yield strength of 
these intervening steric layers significantly impact the particle—particle interactions 
during contact by modifying the mode and extent of deformation of the adsorbed 
surface layer under given loading conditions, such as those encountered in CMP. 
Similarly, the energy required for breaking these surface aggregates can be used to 
determine whether agglomeration will occur under a given applied pressure. The 
elastic modulus (£) and the yield strength (Y) were obtained through the use of a 
modified Hertz theory (Shull’s method) that takes into account finite layer thickness 
effects [32]. Based on the Hertz model, the force, F, and the penetration depth, 6, 
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Figure 9. Maximum repulsive force as a function of C}2TAB concentration in pH 4 solution between 
an AFM tip and a mica substrate with 0.1 M NaCl (squares and long dashed line), and a silica 


substrate with 0.1 M NaCl (triangles and short dashed line). The magnitude of the repulsive force 


and concentration at which they arise are dependent not only on solution conditions but also on the 
substrate material. 


of the AFM tip are given, respectively, by equations (3) and (4) below. 


_ 3E a 3 
~ 201 —v2) R’ (3) 


FH 
st = (4) 


where the superscript H denotes the use of the Hertz theory, E is the elastic modulus, 
v is the Poisson ratio, R is the radius of the tip and a is the radius of the contact 


zone. For the case of a layer with a finite (small) thickness, ho, Shull corrected the 
Hertz equations as follows: 


a5 (04 +0.6 exp(- — )). (5) 
a 3 
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Figure 10. Experimental force—distance curve (circles) measured between an AFM tip and 1.8 mM 
Ci6TAB aggregates on a silica substrate at pH 5.8 in a 0.1 M NaC! solution. The theoretical (solid) 
curve is plotted using equations (5) and (6). The values of the elastic modulus, E, and yield strength, 
Y, of the aggregates based on the Shull method [32] were determined to be 5.04 MPa and 5.73 MPa, 
respectively. 


The value of the yield stress, Y, was derived as: 


_ 3Fm 
~ 2na2 


(7) 


where F,, and am represent, respectively, the force and contact radius at the point of 
rupture of the layer. 

The derived values for the yield stress, Y, and the elastic modulus, F, increased 
linearly with chain length, i.e., the number of carbon atoms per chain for Cio- 
Ci6TAB (alkyl trimethylammonium bromide) surfactants, and were comparable to 
those reported for elastomeric materials (e.g., poly(dimethylsiloxane) (PDMS)). 
It has been illustrated that using the classical form of the Hertz theory, without 
accounting for the underlying surface, the elastic modulus (£) of these dispersant 
layers were overestimated by an order of magnitude. As a result, the values for the 
elastic modulus would be similar to that of more rigid polymeric materials (e.g., 
low-density polyethylene (LDPE)), which is unreasonable. The energy required 
to break a micelle was calculated by integrating the force—distance curves. These 
values were estimated to be of the same order of magnitude as the energy of 
micellization (or micelle breakage) for a single micelle in the bulk liquid. 

The influence of intervening surfactant moieties on the frictional interactions 
between oxide surfaces was analyzed using lateral force microscopy (LFM) [33]. 
The extent of lubrication imparted by the quaternary amine surfactants was shown to 
increase to a maximum at the bulk CMC and plateaued at higher concentrations. It 
was illustrated that the reduction of friction imparted by the residual surfactant film 
depended predominantly on the number of strongly bound surfactant molecules at 
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Figure 11. LFM measurement on a 7.5 wm diameter silica sphere interacting with a smooth silica 
surface in solutions of 32 mM of C12TAB surfactant, in the presence and absence of 1 M NaCl. 


the solid-liquid interface. Although these molecules may not exclusively take part 
in the reduction of friction force, they could serve as anchor points for adsorption of 
additional surfactant molecules (via hydrophobic chain—chain interaction), thereby 
governing the magnitude of lubrication that can be attained in the system. 

By manipulating the extent of surfactant—surface affinity through change in the 
solution pH, ionic strength, or surfactant chain length, the extent of lubrication and 
the applied pressure above which the lubricating layer ceases to exist can be con- 
trolled as shown in Fig. 11. It was also demonstrated that the degree of lubrication 
exhibited by the surfactants could be manipulated without necessarily impacting 
their performance as dispersants through surface-affinity concepts [34]. The control 
of surfactant-mediated boundary lubrication as characterized by LFM was success- 
fully implemented to devise optimal CMP slurry performance guidelines. 


5. CONCLUSIONS 


The advent of the AFM has facilitated the direct measurement of interaction forces 
and development of predictive models for determination of the adhesion force in the 
presence of nanoscale roughness. Surface roughness of the order of 2 nm RMS has 
been shown to result in an order of magnitude reduction in the force of adhesion. 
This has potential implications in the field of nanotechnology, in applications such 
as post-CMP cleaning, operation of micro-electro mechanical systems (MEMS), 
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where the scale of roughness is comparable to the size of the active components. 
The PERC roughness model can be used to accurately predict the force of adhesion 
in the presence of nanoscale roughness and humidity, thereby enabling reliable and 
robust design of industrial processes. In humid environments, increasing surface 
roughness increases the critical humidity required for the onset of capillary forces. 
Colloidal stability in relatively high solids loading systems under extreme con- 
ditions can be achieved by creating a steric barrier due to the surfactant aggregate 
structures adsorbed at the solid-liquid interface. Guidelines for the design of robust 
and optimal performing dispersions were developed based on the repulsive force and 
friction force interactions. A typical application such as high performance slurry in 
the CMP process can be fine-tuned to provide stability (high repulsive force barrier) 
under extreme conditions (high ionic strength, pH), as well as optimal polishing per- 
formance (high friction force). All the results discussed in this study provide just a 
glimpse to the myriad of applications of the AFM in the field of colloid science. 
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Comparison of various adhesion contact theories 
and the influence of dimensionless load parameter 
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Abstract—Three models, JKR (Johnson, Kendall and Roberts), DMT (Derjaguin, Muller, and 
Toporov) and MD (Maugis-Dugdale), are compared with the Hertz model in dealing with nano-contact 
problems. It has been shown that both the dimensionless load parameter, P = P/(xAyR), and the 
transition parameter have significant influences on the contact area at micro/nano-scale and should 
not be ignored in nano-indentation tests. 


Keywords: Work of adhesion; elastic contact models; transition parameter; dimensionless load 
parameter. 


1. INTRODUCTION 


In recent years there has been considerable interest in the mechanical characteriza- 
tion of thin-film systems and small volumes of materials using depth-sensing inden- 
tation tests which utilize either spherical or pyramidal indenters [1, 2]. Usually, to 
obtain values for hardness and elastic modulus of the specimen material from the 
experimental values of indenter load and depth of penetration is the principal goal 
of such testing. The forces involved are usually in the millinewton (10-* N) range 
and are measured with a resolution of a few nanonewtons (107° N), and the depths 
of penetration are in the order of nanometers, hence the term “nano-indentation” 
(10-° m). As the experimental values of indenter load and depth of penetration give 
an indirect measure of the area of contact, from which the mean contact pressure, 
and thus hardness, can be estimated, the relationship between the contact area and 
the load is considerably important. Thus the appropriate use of the corresponding 
theoretical model will play a key role in the experimental investigation. 
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Nano-contact mechanics refers to contact mechanics at nano-scales, which is 
fundamentally important for understanding of the force—distance curves from 
various scanning microscopies (atomic force microscopy (AFM), magnetic force 
microscopy (MFM), etc.) and of nano-indentation, the adhesion (or stiction) 
of microelectromechanical systems (MEMS) and nano-electromechanical systems 
(NEMS), nano-tribology and nano-wear. The emphasis of the present paper is to 
compare different adhesion contact mechanics models in their dimensionless form, 
and to discuss the influences of the governing dimensionless parameters. 


2. MODELS OF CONTINUUM ADHESION CONTACT MECHANICS 


Continuum models that predict the contact area for various geometries have a long 
history, dating back to the pioneering work of Hertz in 1881 [3]. Many of the most 
important contact problems are summarized in the book by Johnson in 1987 [4]. 
Hertz found that the radius of the circle of contact ay was related to the indenter 
load P, the spherical indenter radius R, and the elastic properties of the contacting 
materials by: 


PR 
diy = ager (1) 


where K is the equivalent elastic modulus of the indenter tip and the sample, given 


by 
4/1—v2 1—-v2\7! 
Res eee 
;( E, es 1) ) 


where £& and v are the Young’s modulus and the Poisson’s ratio, respectively, and 
subscripts 1 and 2 denote the indenter and the sample, respectively. If the contact- 
ing bodies are spheres with radii R; and R2, then R in the above equation is the 
equivalent radius given by: R = R,R2/(R; + R2). In the absence of adhesion, the 
Hertz model has been shown to accurately describe the contact area between elastic 
bodies [4]. However, a great many experimental and theoretical results show that 
the surface-to-bulk ratio becomes significant at small scales [5]. Therefore, adhe- 
sion arising from attractive surface forces is generally not negligible and must be 
included in any description of contact area. Actually, with the increasing popularity 
of nanoscale technology and the increasing sensitivity of nano-indentation instru- 
ments, experimental results increasingly show that the contact area of the bodies 
is much larger than estimated with the Hertz model; especially, when the load di- 
minishes to zero, the contact area reaches a constant value [4-8]. It proves that 
the surface forces, especially the adhesion force, do play an important role in the 
contact of the indenter and the sample at sub-micro/nano-scale. 

Considering the contact between two rigid spheres with radii R,; and Ro, the 
adhesion force, Pa, between them is given by the Bradley theory [9] as 


Px = 20 AyR, (2) 
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where Ay = y, + ¥2 — yi2 is the work of adhesion, y; and y are the surface 
energies of materials of spheres 1 and 2, respectively, and y, is the interfacial 
energy. Equation (2) applies to the case of rigid spheres in contact, i.e., the contact 
radius is zero. In practice, the spheres deform when placed in contact due to their 
finite value of elastic modulus. Derjaguin, Muller and Toporov [10] considered the 
case of deformable bodies by adding the force given by equation (2) to the Hertz 
contact equation and the resulting contact theory is referred to as the DMT theory. 
The DMT model gives the contact radius apyyz related to the work of adhesion, Ay, 
by: 


R 
Gente = iP + at AyR). (3) 
It is obvious that upon application of a negative load, P.~pmry is given by: 
Popmt) = —27 AyR, (4) 


and the contact radius is zero, which means the two surfaces separate at that point. 
Therefore, Po~pmry is the critical force required to separate the two spheres, i.e. the 
pull-off force. The model also gives a particular value for the contact radius at a 
zero load as: 


down = (27 Ay R?/K)"”. (5) 


The adhesion contact between a solid rigid sphere and an elastic half space has 
been described by Johnson, Kendall and Roberts (JKR), which leads to the famous 
JKR theory [11]. They found that the contact radius, ayxr, for a rigid sphere in 
contact with a compliant elastic half space, was related to the work of adhesion, 
Ay, as: 


R 
den = GP +3rAyR + [6rAyRP + Ba dyR)"} I. (6) 


According to the JKR theory, upon application of the negative load, separation of 
the surfaces would occur when the external force, Por), was applied such that 


3 
PogkR) = RAR. (7) 
The model also predicts a particular value for the contact radius at a zero load as: 
62 Ay R?\' 
aQgKR) = (=o*) (8) 


It should be noted that the pull-off force P.gxpr) is independent of the elastic 
modulus and depends only on the equivalent radius of curvature and work of 
adhesion. So equation (7) should apply equally well to a rigid sphere, but this would 
be contradictory to equation (4). The apparent discrepancy led to a heated debate 
and later, following the analysis of Tabor [12], Muller et al. [13] pointed out that 
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the two theories represented the opposite extremes of a dimensionless parameter ps 


given by 
RA 2\ 1/3 
ip) (9) 
E*293 


where ¢ is the equilibrium spacing in the Lennard—Jones potential and 


1—v? ene 
E* = 1 2 
( E oe E, ) 


is the combined elastic modulus. The significance of the Tabor number y in the 
contact theory, especially at the nanoscale, has attracted attention from many re- 
searchers (see Ref. [4]). j can be interpreted as the ratio of elastic deformation 
resulting from adhesion to the effective range of surface forces. Another dimen- 
sionless number, called transition parameter 4, was introduced by Maugis [14] and 
the transition parameter is related to w by A = 1.157 w. For an appropriate use of 
the adhesion models, an adhesion map has been constructed by Johnson and Green- 
wood [15] using the Dugdale force-separation law with two parameters: y (or A) 
and P, where the dimensionless load parameter P is the ratio of the applied load to 
the adhesion force. The JKR theory is applicable to large radius, compliant solids 
(4 > 5) and the DMT theory applies to small radius, rigid solids (u < 0.1). Phys- 
ically, the JKR theory accounts for adhesion forces within the expanded area of 
contact only, whereas the DMT theory accounts for adhesion forces just outside the 
contact circle only, which are depicted in Fig. 1b and Fig. 1c, respectively. Table 1 
presents the major assumptions and limitations inherent to each theory. 

force 

area 


Hertz MYD 
distance ce OY 


(d) (e) 

Figure 1. Interactive forces for the Hertz, JKR, DMT, MD and MYD models. The Hertz model does 
not consider the adhesion in contact. The JKR model includes only a short-range adhesion in the 
contact area, actually it is a 6 function with the work of adhesion Ay. The DMT model shows a long- 
range surface force which acts outside the radius of the circle of contact. The MD model considers 
the Dugdale (square well) potential to describe attractive forces. The MYD model, however, includes 
both the short-range and long-range forces acting both inside and outside the circle of contact, just 
like the Lennard—Jones potential. 
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Table 1. 
Comparison of the various contact theories 


Theory Assumptions Limitations 
Hertz No surface forces Not valid for low loads if surface forces 
(Fig. la) are present 
JKR Short-ranged surface forces act only in- May underestimate loading due to surface 
(Fig. 1b) side contact area forces 

Contact geometry allowed to deform Applies to high 4 systems only 
DMT Long-ranged surface forces act only out- May underestimate contact area due to 
(Fig. 1c) side contact area restricted geometry 

Applies to low A systems only 

Maugis — Periphery of tip—sample interface mod- Analytical solution, but parametric equa- 
Dugdale eled as a crack that fails at its theoretical tions 


strength Applies to all values of 4 


3. COMPARISON OF THE DMT AND JKR MODELS WITH THE HERTZ 
MODEL 


To compare the JKR model with the Hertz model, especially the influence of 
the adhesion force on the contact radius, it is convenient to make equation (6) 


dimensionless as 
Se Ay RP ORAYR:. HORAVROY 
TU a 
3a AyR srork , (art) | . wo 


QJKR 
ee Sd 
ay | - P P P 


where the term on left-hand side is always larger than (or equal to) unity as expected, 
and can be expressed in the dimensionless load parameter P = P/(2 Ay R) as 


1/2) 1/3 
a 3. 16. 3 
el Se ee reo eee (5) 
ay P P P 
It seems that the dimensionless load parameter P dominates the change in the 
contact radius in the JKR model. The radius ayxp increases with the work of 


adhesion Ay and with decreasing applied load. This has been pointed out in 
Yang’s work [16]. However, there has been no such analysis for the DMT model. 


Equations (3) and (1) give 
1/3 
four (145) 
a 


(11) 
ay 

From equation (11), it seems that the radius also increases with the work of adhesion 

and with decreasing applied load, as in the JKR model. 

Figure 2 shows that the indentation radius is controlled by the work of adhesion 
when the load is less than 10-7 mN. For a nano-indentation tip radius 1 zm, and the 
work of adhesion between the tip and the thin film, 100 mJ/m/”, the ratio anxp/ay 
in the JKR model decreases from 12.4 at the applied load of 1 nN to 1.5 at a load 
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AyR = 100 (nJ/m) 


107 10-5 103 107) 
P (mN) 


Figure 2. Influence of work of adhesion Ay and applied load P on nano-indentation tip radius ratio 
in both JKR and DMT models. 


of 1 uN, and in the DMT model, the ratio apyyr/ay decreases also from 8.6 at a 
load of 1 nN to 1.2 at a load of 1 wN. Gradually, the ratios for both models reach 
the value of 1 as the load approaches 1 mN. At small loads, the radius increases 
sharply with the work of adhesion. It proves that under small loads, the contact 
radius is dominated by the work of adhesion and the indenter tip radius R. Under 
large loads, the work of adhesion is negligible compared to the strain energy, which 
controls the deformation of the specimen surface. In conclusion, in both JKR and 
DMT models, for a small load and a large indenter size, the change in the work 
of adhesion controls the contact radius between the indenter and the substrate. In 
contrast, for a large load and small size of the indenter, the elastic deformation 
dominates. 

Also, from equations (10) and (11), it can be seen that the dimensionless load 
parameter, P = P/(xAyR), independently controls the influence of the work of 
adhesion. In Fig. 3, when the value of Ay R/P is less than 0.1, the influence of the 
work of adhesion is still insignificant. With the value of Ay R/P increasing to 10°, 
the corresponding value of a/ay is so large that the work of adhesion must not be 
ignored and would play the main role in the process of contact. 

It should be noted that, in Figs 2 and 3, with the same parameter Ay R, the values 
denoted by the dashed curve are always larger than that of the solid curve at most 
sites, which means that the influence of the work of adhesion in the JKR model 
is more prominent than in the DMT model. Actually, dividing equation (6) by 
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Figure 3. Influence of dimensionless number Ay R/P on nano-indentation tip radius ratio in both 
JKR and DMT models. 


equation (3), the ratio between ayxr and dpm is given as: 


GS (ea LCL 
- 14+2/P 


From equation (12) and Figs 4 and 5, it seems that with increasing work of adhesion, 
the JKR model has more influence on the contact radius. Also, an ultimate value of 
ayxr/ApMT, /3, can be deduced with the decrease of applied load. 

In the above discussion about the difference in the JKR and DMT models, 
the effect of material properties such as the elastic modulus was not considered. 
Actually, equations (1), (3) and (6), respectively, can be recast into: 


(12) 
QDMT 


K 3 

Pa= (13) 
K 3 

Pie = — — Ir AyR, (14) 
K 3 

Prgic = — (62 Ay Ka?)!/?, (15) 


Then the additional terms Pa;pyr) and Pagxry compared with the Hertz model in 
equation (13) are given by: 
Pa(pmt) = 2rAyR, (16) 
Par) = (61 Ay Ka’)'””. (17) 
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Figure 4. The ratio of ajxr to apmt vs. the load P. Under the same load P and within the region 
10-4 — 107! mN, the ratio ayjxr/apmr increases appreciably when Ay R changes from 10 nJ/m to 
100 nJ/m, which shows that the work of adhesion has more influence on the JKR model. 


Then the ratios between Pa~pmr and Py, as well as between Parry and Py are 
given by: 


Pam) _ (2) (18) 
Py a aK ”’ 

Pagxry _ R (6m Ay ue 19 
Py *( aK ) ; o 


Here, the quantity a/R is proportional to the indentation strain [1]. The value 
of aK determinates whether or not the adhesion force is significant for a particular 
contact. As aK becomes large, the additional term P4 becomes small. In the case of 
small K, the additional term is significant for very compliant surfaces even when the 
contact radius is large. Also, as the DMT model describes the contact by the Bradley 
theory [9], which considers that all contacting bodies were rigid, it is appropriate 
to use the DMT model if the modulus K is relatively large. In the case that the 
material is compliant, the JKR theory is suitable because the JKR model deals with 
the contact between a rigid sphere and an elastic compliant half space [11]. Actually, 
the JKR model is valid for low modulus, high surface energy materials and large 
indenters, whereas the DMT model is valid for more rigid materials with lower 
surface energies and for smaller indenters. It should be noted that in equations (18) 
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ayxr/apmt 


105 10° 1071 10! 
AyR/P 


Figure 5. The ratio of ajxr to apmt vs. the dimensionless number Ay R/P. When the value of 
AyR/P increases, the ratio a3xp/apmr increases from the lower critical value to the upper one. The 
lower critical value, 1.0, shows that when surface energy can be ignored, the contact radii in both JKR 
and DMT models are similar. Actually they are similar to what the Hertz model predicted. The upper 
critical value, 31/3, however, shows the difference in contact radii between the JKR and the DMT 
mode)s. 


and (19), the ratios, in fact, express the ratios between the surface energy and the 
elastic energy, which has the similar scale as the Tabor parameter in equation (9). 


4. COMPARISON OF THE MD MODEL WITH THE HERTZ MODEL 


The differences in the contact radii and separation forces between the JKR model 
and the DMT model which were denoted in equations (4), (5), (7) and (8) have 
caused some debate [17, 18]. As a result, Muller et al. proposed the Muller, 
Yushchenko and Derjaguin (MYD) model [13, 19] and described the adhesion force 
between the indenter tip and the sample by a pair-wise summation of the molecules 
via a Lennard—Jones potential. By using the Dugdale potential, Maugis [14] 
proposed the Maugis—Dugdale (MD) model in 1992. It was found that the MD 
model was the general case in describing the contact and both the JKR and DMT 
models were special cases. The transition between the JKR and DMT models 
was investigated by Maugis and Gauthier—-Manuel [20], who used the ‘Dugdale’ 
(square well) potential to describe the attractive forces between contacting spheres 
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Figure 6. Effect of applied load P on nano-indentation tip radius ratio in JKR, DMT and MD models 
when A = 0.1 and AyR = 100 nJ/m. 


and obtained the following equations: 


saa [Vn Gna 2) arccos(1/m)] 


+50a[ V2 — larecos(1/m) — m+ 1] = 1, (20) 
P=a—- na? [Vv m2 —1+m’ arccos(1/m)], (21) 


where @/a = (K/m Ay R?)"3, 2/c = (K/mAyR?)'3,m = c/a, P = P/(mAyR) 
and c is the outer radius given as c = a+0.971e, where a is the radius of the contact 
circle, and ¢ is the equilibrium spacing in the Lennard—Jones potential. 

It is difficult in the MD model to obtain the expression relating only a and P as 
was the case in JKR and DMT models, because there is another parameter c that 
varies with A. Therefore, it is necessary to use numerical calculations to obtain 
the solution. From Figs 6-8, the conclusion about the transition between the JKR 
model and the DMT model is verified. When 4 = 0.1, the curve for the MD model 
approaches the curve due to the DMT model and in the case A = 5, the curve for the 
MD model approximately coincides with that for the JKR model. With a value of A 
between 0.1 and 5, A = 1.5, the curve is in-between those for the other two. So, it 
can be clearly seen that the JKR and DMT models are two special cases of the MD 
model. 
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Figure 7. Effect of applied load P on nano-indentation tip radius ratio in JKR, DMT and MD models 
when A = 5 and AyR = 100 nJ/m. 
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Figure 8. Effect of applied load P on nano-indentation tip radius ratio in JKR, DMT and MD models 
when 4 = 1.5 and Ay R = 100 nJ/m. 
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5. CONCLUSION 


We analyzed the influences of the dimensionless load parameter, P = P/(zAyR), 
and the transition parameter, A, on the nano-contact area, and we also validated the 
importance of the work of adhesion through comparison of the JKR, DMT and MD 
models with the Hertz model. The major conclusions drawn are given below: 


(1) With a small applied load, the work of adhesion does play a key role in the 
micro and/or nano-scale contact and must be taken into account. The difference 
between the JKR and DMT models is also discussed and the origin of the 
difference is analyzed in-depth. 


(2) The numerical examples show that both the JKR and DMT models are the 
upper and lower limits of the MD model, respectively. So, the MD model is 
the general case and can deal with most materials in contact. A large body of 
experiment results [21] showed that, in general, the AFM measurements were 
mostly located in the regime of the MD model. So considering the accuracy 
of the experiments, it is more suitable to use the MD model to deal with the 
problem. As the MD model is not so concise and the solutions of the equations 
are cumbersome, it would be much helpful to find some rapid and simple 
method to determine the parameters which describe the contact. Fortunately, 
some progress has been made [22, 23]. 


The influence of the work of adhesion on nano-scale plastic deformation has to be 
considered for a nano-indentation characterization and modeling. Considering the 
influence of the work of adhesion, the nano-indentation hardness for a fully plastic 
contact can be expressed as [24]: 


2 
Adhesion = a(t + 5): (22) 


where H = P/za? is the hardness, and P again is the applied load and a is the 
plastic contact area. Equation (22) shows the influence of the dimensionless load 
parameter on the hardness. In other words, the influence of the work of adhesion is 
strong when the applied load is light. Surface roughness has also to be considered 
at the nano-scale in the future work. 
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APPENDIX 
List of symbols 


too as 


E* 


contact radius 
a(K /m Ay R?)'3 
outer contact radius 
c(K /m Ay R*)/9 
Elastic modulus 
( 1 - ve 1- a) F : 
+ — +}, combined elastic modulus 
Ey E, 

4/f1—- ve 1- v3 

( E, E2 


~1 
3 ) , equivalent elastic modulus 


c/a 

applied load 

adhesion force 

pull-off force 

P/( Ay R), dimensionless load parameter 
radius of sphere 


intermolecular spacing 


P 

R 

Ay work of adhesion 
€ 

A 


1.157 y, transition parameter 
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( a) , Tabor number 
E*2¢3 

Poisson’s ratio 
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Accounting for the JKR-DMT transition in adhesion and 
friction measurements with atomic force microscopy 
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Abstract—Over the last 15 years, researchers have applied theories of continuum contact mechanics 
to nanotribology measurements to determine fundamental parameters and processes at play in 
nanometer-scale contacts. In this paper we discuss work using the atomic force microscope to 
determine nanoscale adhesion and friction properties between solids. Our focus is on the role that 
continuum contact mechanics plays in analyzing these measurements. In particular, we show how the 
JKR-to-DMT transition is taken into account, as weil as limitations involved in using these models of 
contact in the presence of adhesion. 


Keywords: Atomic force microscopy (AFM); adhesion; friction; nanotribology; contact mechanics. 


1. INTRODUCTION 


With the rising interest in nanotechnology, new fields of research have emerged in 
the attempt to understand nanoscale science and engineering. One of these fields 
is nanotribology, the nanoscale analogue to the macroscale study of friction and 
wear [1, 2]. At the nanoscale, surface forces become dominant, and surface prop- 
erties related to adhesion, friction and wear become critical design considerations. 
Of particular note are micro/nano-electromechanical systems (MEMS/NEMS). Be- 
cause of the problematic effects of friction and wear (3, 4], there are currently no 
MEMS devices on the market that involve sliding interfaces in contact. Studies in 
this area are important not just for nanotechnology applications, but for fundamen- 
tal science as well. Although many practical, macroscopic engineering applications 
involving tribology have been successfully addressed, relatively little is understood 
thus far about the underlying fundamental mechanisms of friction and energy dissi- 
pation between sliding surfaces. 
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There are several experimental approaches to nanotribology, including the use of 
the atomic force microscope (AFM) [5] and the surface forces apparatus (SFA) [6]. 
In this paper we focus on work using the AFM to determine nanoscale adhesion 
and friction between solid surfaces. Our particular focus is on the role that contact 
mechanics plays in analyzing these measurements. 

Over the last 15 years or so, researchers have applied theories of continuum con- 
tact mechanics to nanotribology measurements to determine fundamental parame- 
ters and processes at play in nanometer-scale contacts. In 1999, Unertl concisely 
discussed several of these issues [7]. An increasing amount of evidence supports 
the seemingly surprising conclusion that a continuum description of contact is ac- 
curate down to contacts as small as a few nanometers in size. Our primary focus 
will be on how to properly apply continuum mechanics theories to nanotribology 
measurements. The important question of where exactly continuum representations 
break down has yet to be addressed comprehensively. We will discuss this briefly 
at the conclusion of this paper. We will first briefly review contact mechanics, and 
then discuss its application to adhesion and friction measurements. 


2. REVIEW OF CONTACT MECHANICS 


Heinrich Hertz is said to be the pioneer of the field of contact mechanics as we 
know it today [8]. In 1882, part of his graduate work involved studying interference 
patterns between glass lenses when pressed together. One relation he determined 
was that contact between a flat plane and a sphere pressed together with a normal 
load P occurred within a circular contact area with contact radius a according to 


the following equation: 
PR\'” 
a= (=) , (1) 


es buy i Nn, oe 
= BAC By E> 


E,, E> are the sphere and flat plane Young’s moduli and v;, v2 are the sphere and 
flat-plane Poisson ratios, respectively. This theory describes the contact area for 
smooth macroscopic contacts, and is used to this day in many applications. It 
is applicable only to homogeneous, isotropic, linear elastic materials that exhibit 
no attractive surface forces (adhesion) and assumes that the contact radius is 
much smaller than the sphere radius, so that the sphere can be approximated as 
a paraboloid. 

In 1971, Johnson, Kendall and Roberts (JKR) [9] proposed a new theory that 
accounted for adhesion between two elastic bodies. They were motivated by 
experimentally measured contact areas that were larger than predicted by the Hertz 
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theory at low loads, and by the observation of finite contact area at zero applied 
load. They derived the following equation to describe the contact radius between a 
sphere and a plane with adhesion acting: 


1/3 
a= (cp +ayan+ VopxRPT OVER) Q) 


where y is the Dupré energy of adhesion, or work of adhesion. It is, in fact, an 
energy per unit area and it represents the work done in completely separating a unit 
area of the interface. Characteristics of this theory include infinite tensile stress 
at the contact area perimeter, a non-zero contact area at zero load and a minimum 
stable normal load which still exhibits a non-zero contact area. This minimum load 
can be called the pull-off force or critical load P,, and is given by: 


3 
P.KR) = —5FYR. (3) 


Shortly thereafter, Derjaguin, Muller and Toporov (DMT) [10] derived a separate 
expression to include adhesion in the contact of elastic bodies. They assumed that 
the deformed contact profile remained the same as in the Hertz theory, but with 
an overall higher load due to adhesion. This is equivalent to attractive interactions 
acting at all separations between the sphere and the plane, like a dead weight, thus: 


R 1/3 
a= (Fe + 2nyR)) ; (4) 

and now the pull-off force is: 
Popmt) = —27yR. (5) 


In the DMT model, the contact area goes to zero at the pull-off force, and there is 
no singularity in the contact stresses. 

Although these two seemingly competing theories were the cause of much heated 
debate, the controversy was settled when it was determined that they were valid 
at opposite ends of the same spectrum of contact behavior. When surface forces 
are short range compared to the resulting elastic deformations (i.e. compliant 
materials, large sphere radii, and strong, short-range adhesion forces), the JKR 
model describes the contact area accurately. The opposite limit (i.e. stiff materials, 
small sphere radii and weak, long-range adhesion forces) corresponds to the DMT 
regime. The form of the contact area in the DMT model was, in fact, first presented 
in the work of Maugis [11] and is often referred to as the ‘Hertz-plus-offset’ model. 
The development of the theories is provided in a more detailed manner by Maugis 
in that paper. 

It is convenient to utilize a non-dimensional physical parameter to quantify these 
limits and the cases in between. Often referred to as Tabor’s parameter j17, this 
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Figure 1. Interaction forces (per unit area) for the Hertz, JKR and DMT models, compared to an 
actual interaction. There is no attractive force in the Hertz model, only hard wall repulsion at contact. 
The JKR model includes short-range adhesion that is essentially a delta function with strength y, and 
thus only acts within the contact zone. The DMT curve shown represents a long-range surface force. 
A volume integrated force, like the van der Waals force, can also lead to a DMT dependence, where 
the contact profile remains Hertzian and the attractive forces act like an additional external load. For 
an actual interaction force, the integral of the attractive well corresponds to the work of adhesion, y. 


transition parameter is defined as [12]: 


16Ry? ie 
ur = (Sas) , (6) 


where Zo is the equilibrium separation of the surfaces. The spatial range of the 
adhesion forces is assumed to scale with zo, as in the case of the Lennard—Jones 
potential, for example, where zo is the only length scale in the definition of the 
potential. Tabor’s parameter is physically equivalent to the ratio between the normal 
elastic deformation caused by adhesion (i.e. in the absence of applied load) and the 
spatial range of the adhesion forces themselves. 

Figure 1 illustrates the different interaction forces (per unit area) as a function of 
separation for the Hertz, JKR and DMT models, and a more ‘realistic’ interaction 
like a Lennard—Jones potential. 

To approximate such an actual interaction, Maugis [11] elegantly showed that it 
was possible to connect the JKR and DMT limits and determine contact parameters 
for the entire range of materials parameters. He considered a ‘Dugdale’ (square- 
well) potential to describe attractive forces between contacting spheres, as is 
illustrated in Fig. 2. In this model, a constant adhesional stress o9 acts over a 
range 6,. Thus, the work of adhesion is y = oo - 6. Maugis defines a parameter, A, 
which is similar to 4:7, given by: 


R \'3 
A=2 ‘ 7 
ola) mn 


By choosing oo to match the minimum adhesional stress for a Lennard-Jones 
potential (with equilibrium separation zo), it follows that 6, = 0.97zo, and so A = 
1.1570u7. Thus, A and yy are nearly equivalent. For convenience we shall refer 
to A as the ‘transition parameter’. If 4 > 5, the JKR model applies and if A < 0.1 
the DMT model applies. Values between 0.1 and 5 correspond to the ‘transition 
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Figure 2. The force (per unit area)-distance relation for the Dugdale model used by Maugis. 
A constant adhesional stress (force per unit area) og acts between the surfaces over a range 6;. At 
greater separations, the attractive force is zero. The work of adhesion is thus y = a06t. 
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Figure 3. The Hertz area—load curve and the JKR-DMT transition, plotted by setting K = 1 GPa, 
R = 1nmand zy = 1 J/m*. Area—load curves for the JKR limit, the DMT limit and an intermediate 
case are shown. These approach the Hertz curve in the limit y — 0 (no adhesion). Adhesion increases 
the contact area from the Hertz case for a given load by an amount dependent upon the range of 
attractive forces. 


regime’ between JKR and DMT models. A summary of different conventions used 
for defining this “transition parameter’ is provided by Greenwood [12]. When there 
are no attractive surface forces (y = 0), the Hertz theory applies. The variation of 
contact area with load in these cases is shown in Fig. 3. 

The assumption of a square-well potential may seem somewhat limiting. How- 
ever, Barthel has shown that the contact behavior is generally insensitive to the 
actual shape of the interaction potential, provided there is only one length scale in- 
volved [13]. However, the behavior can vary significantly if an additional length 
scale to the interaction is introduced [14]. It may be appropriate to describe, for ex- 
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ample, the simultaneous effect of short-range solid—solid adhesion and longer range 
electrostatic, van der Waals’, or solvation forces. 

The Maugis—Dugdale equations are somewhat difficult to utilize, since Maugis’ 
formulation lacks a single expression relating only a and P. To plot the Maugis— 
Dugdale solution or fit it to data, one needs to simultaneously solve two equations 
by letting certain parameters vary between appropriate limits that depend upon A. 
Furthermore, the relation for the pull-off force must be determined through iteration 
[15] if the value of A is not known a priori (the usual case with experimental 
measurements). In practice, this is rather cumbersome to carry out with common 
software programs that utilize automated statistical fitting procedures. 

In 1999, Carpick, Ogletree and Salmeron (COS) [16] provided an approximate 
general equation for easily describing the contact area. The general equation is 
amenable to conventional curve fitting software routines and provides a rapid 
method of determining the value of the transition parameter which describes the 
range of surface forces. They showed that the Maugis formulation could be 
approximated using the following formula to determine the contact radius: 


a+ /t— P/ Paws \7" 


where q@ is another transition parameter and do is the contact area at zero load. 
Note that a = 1 corresponds exactly to the JKR case, and a = O corresponds 
exactly to the DMT case. Included in equation (8) is the fact that P, and ag depend 
on @ as well. Equation (8) is referred to as the generalized transition equation or 
COS equation. For intermediate cases (0 < a < 1), the generalized transition 
equation corresponds very closely to Maugis’ solution for the transition regime 
(0.1 < A < 5). An approximate relation is used to relate and i: 


A = —0.924 - In(1 — 1.02). (9) 


They also outlined a step-by-step procedure to fit this equation to determine the 
regime of contact for AFM or SFA experiments. 

In an analogous fashion, Piétrement and Troyon subsequently presented approx- 
imate general equations for the elastic indentation depth and the normal contact 
stiffness [17] that are also easier to handle than the corresponding Maugis—Dugdale 
equations. Schwarz then showed that equation (8) could be derived from physically- 
based arguments by combining an infinitely short-range attractive interaction (es- 
sentially a JKR-type interaction) with a long-range force [18] of adjustable relative 
weight. This further supports the validity of the simple, approximate equations pre- 
sented in Refs [16, 17]. 

All models described above assume homogeneous, isotropic, linear elastic contact 
between a sphere and a plane (or, equivalently, two spheres) where the contact radius 
is much smaller than the sphere radius (allowing it to be described mathematically 
as a paraboloid), and the loading is purely in the normal direction. In practice, there 
will be deviations from these assumptions that may be significant. Fortunately, 
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solutions for many of these cases have been worked out. Maugis worked out 
the adhesional contact problem for large contact radii (i.e. using spheres, not 
paraboloids) [19]. The solution for adhesional contact for an axisymmetric power- 
law indenter shape was presented by Carpick et al. [20, 21]. Johnson has discussed 
the effect that lateral forces may have on the contact [22]. Viscoelastic effects 
have been discussed in a number of cases [23-28] and were reviewed recently by 
Shull [29]. Plastic effects, while often dealt with through finite element modeling, 
have also been modeled analytically, including the effects of phase transitions [30] 
and adhesion [31]. However, the effects of anisotropy have been discussed in 
considerably less detail, see for example Refs [32, 33]. 

Some particularly interesting work has been performed in applying contact 
mechanics to the surface forces apparatus (SFA), which can be viewed as a single 
asperity contact of larger scale than the AFM, and with important capabilities 
including the direct measurement of the contact area [34, 35]. The SFA typically 
consists of thin mica layers on a compliant (glue) backing. The consequences of 
this geometry have been studied by Johnson and Sridhar [36]. They find that the 
JKR model works well for a sufficiently thick layer, as well as for a sufficiently 
thin layer, but layers of an intermediate thickness violate the conditions of the JKR 
theory. In between these limits the contact behavior is modeled by the numerical 
results. Violations of the JKR model were found to be due to the small size of the 
contact radius compared to the layer thickness. 

Barthel and Roux have studied the velocity dependence of the work of adhesion 
when studying organic monolayers with the SFA [37]. They find that lower veloc- 
ities produce consistent pull-off force values and, at higher velocities, viscoelastic 
effects give rise to higher pull-off force values. They derive analytical results by 
considering viscous dissipation, and they compare the results with numerical treat- 
ments. Stability of the system is significantly dependent on the chemical composi- 
tion of the organic layer, and they highlight the importance of formulating gener- 
alized contact mechanics to intermediate ranges of interaction (i.e. between DMT 
and JKR regimes). 

In summary, contact mechanics models can be powerful tools in extracting 
fundamental parameters from studies of surfaces in contact. However, they must 
be used cautiously, with attention paid to the appropriate limits and assumptions 
they entail. In what follows, we discuss how measurements of adhesion and friction 
with the AFM can be treated using contact mechanics approaches under conditions 
(as specified above) appropriate for behavior in the JKR-to-DMT range. 


3. ADHESION MEASUREMENTS 


Fundamental mechanisms of adhesion at the micro/nanoscale are a topic of sub- 
stantial current interest. Much of this work is motivated by the ‘stiction’ problems 
seen in MEMS/NEMS devices [3, 38] and it is postulated that a fundamental un- 
derstanding of adhesion at the nanoscale may give rise to guidelines for designing 
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and fabricating reliable NEMS/MEMS devices. In this regard, one can consider 
single-asperity adhesion to be at the smallest possible scale and, therefore, under- 
standing single-asperity adhesion may be the key to understanding the true work of 
adhesion between two complex, multi-asperity surfaces at larger scales. The AFM 
is an ideal tool to quantitatively characterize the true work of adhesion at this length 
scale. Contact mechanics models are often used to analyze data, and considerable 
efforts have been made to enhance these models based on understanding how sur- 
face interactions can deviate from the ideal cases treated by DMT or JKR theories. 


3.1, AFM methodology 


To use the AFM as a quantitative tool to investigate interfacial adhesion, cantilever 
calibration procedures and contact mechanics modeling need to be applied consis- 
tently. Adhesion data taken with the AFM can vary significantly due to seemingly 
subtle changes in the environmental conditions, AFM tip material and/or geometry, 
and surface contamination and/or modification. To ensure that calculated values 
for work of adhesion are intrinsic to the interface tested, rigorous characterization 
techniques of the tip and surface materials should be performed. 

Typically, the pull-off forces are measured by AFM in the following way. A laser 
beam is focused onto the backside of the cantilever and reflected onto a position- 
sensitive photodetector. The cantilever is deflected by interaction with the surface 
material, which moves the reflected laser spot vertically on the photodetector. This 
motion is measured by the photodetector and is recorded in a so-called ‘force— 
distance’ plot. This plot is then analyzed to determine the magnitude of the pull-off 
force, which is subsequently converted into a value for the work of adhesion. The 
process of obtaining the data needed to calculate the work of adhesion generally 
involves three stages: acquiring reliable force—distance curves, calibrating force 
constants to obtain pull-off force values and compiling the necessary contact 
mechanics parameters. 


3.2. Acquiring reliable force—distance curves 


The operation of an AFM is fairly straightforward, which is one reason why 
adhesion data are often reported without appreciation for the afore-mentioned 
subtleties. Assuming that the environmental conditions (temperature, relative 
humidity, atmospheric composition) are kept constant, several issues that often 
arise can prevent reliable, reproducible data from being collected. First, if the tip 
geometry is altered by contacting the surface (e.g. due to wear of the tip), pull-off 
force values can vary significantly. There are two primary techniques for measuring 
the shape of an AFM tip. One technique involves a tip reconstruction by analyzing 
AFM images with computer software [39, 40]. The other involves imaging the tip 
in a high-resolution scanning electron microscope (SEM) or transmission electron 
microscope (TEM). It is recommended that the AFM tips be analyzed both before 
and after scanning to check for tip modification. 
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Second, pull-off forces taken on a homogenous surface can vary if the surface 
chemical composition of the tip or sample is modified during the experiment. Even 
if geometrical changes of the tip do not occur, it is still possible that chemical 
changes may, due to surface contamination, material transfer, or modification 
involving surface treatments or coatings that are present. Contamination can be 
addressed by improving sample preparation procedures or conducting experiments 
in a clean, dry environment including ultrahigh vacuum. If the chemistry taking 
place is due to the presence of a surface coating, a more in-depth analysis of the 
surface interactions and chemical exchanges needs to be applied. Unfortunately, 
there is no technique for perfectly characterizing the chemical state of the tip, 
although measurements of contact conductance can at least be used to reveal 
changes that have occurred [41]. 

Third, when multiple pull-off measurements are taken at different locations on 
a heterogeneous surface, variations in both the surface roughness and surface 
chemistry can affect the interaction forces [42, 43]. If the surface topography 
and composition vary, the contact between the tip and sample changes based on 
local slope, curvature, elasticity, and adhesion. ‘Force-volume’ imaging is often 
performed, which involves acquiring a topography image and a pull-off force map 
simultaneously, to correlate pull-off force values with specific regions of a sample. 
In this way, high surface energy features can be observed (e.g. step edges, defects, 
other inhomogeneities). As well, regions of differing chemistry can be identified. 


3.3. Extracting the pull-off force values from force—distance curves 


When it has been determined that the tip and sample are not being altered, the 
force—distance plots can then be analyzed to obtain quantitative pull-off force 
values using a cantilever calibration procedure. There are several methods in the 
literature, but two procedures have emerged as the most reliable. One method 
is Cleveland’s ‘added mass method’ [44] and the other is Sader’s ‘unloaded 
resonance technique’ [45]. For the added mass method, a known mass is attached 
to a cantilever, the resulting change in resonant frequency is measured, and this 
frequency shift is correlated with the normal stiffness of the cantilever. For the Sader 
method, the length, width, resonant frequency and quality factor of a cantilever 
are measured in ambient conditions. These measured properties are related to 
the cantilever’s normal stiffness through the hydrodynamic function due to the air 
damping of the cantilever. The Sader method is straightforward to apply in situ and 
is non-destructive. Therefore, this method is preferable for extracting calibrated 
pull-off force values from uncalibrated force—distance plots. 


3.4. Compiling the necessary parameters for contact mechanics modeling 


Before work of adhesion values can be calculated from pull-off force data, several 
parameters must be either measured or determined from literature values. As 
discussed above, the contact between an AFM tip and the sample can range from 
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DMT-like to JKR-like, depending on the elastic properties (Young’s modulus and 
Poisson’s ratio) of the tip and sample, the tip radius, the work of adhesion and 
the equilibrium spacing (or range of attractive forces) between the tip and sample 
when in contact. The elastic properties can be determined from nanoindentation 
experiments or from literature values. However, the equilibrium spacing is not 
directly known. To handle this, upper and lower bounds can be used initially as 
described below. 


3.5, Fitting adhesion data based on contact mechanics modeling 


As mentioned above, the work of adhesion calculation depends upon the appropriate 
contact regime, which ranges from the JKR to the DMT regime. Equations (3) 
and (5) for the pull-off forces can be rearranged and then generalized as: 


‘ (10) 


where x ranges monotonically from 1.5 (for the JKR limit) to 2 (for the DMT limit), 
depending on Tabor’s parameter, jr. This full range of uncertainty in x corresponds 
to a possible error in y of 33%. A plot, table and approximate formulae for x as a 
function of yy are given in Ref. [16]. Still, wz is not known without knowledge of 
zo and y. However, y is not known without knowledge of 7. This is the adhesion 
“Catch-22’. 


3.6. Experimental example 


One way to get around this ‘Catch-22’ is to first check if upper (lower) bounds 
can be placed on yz by assuming the smallest (largest) reasonable values of zo 
and any other uncertain parameters in the experiment. This is best illustrated 
with an experimental example. An experiment was conducted using commercial 
AFM tips fabricated from silicon and coated with a partially oxidized tungsten 
carbide film. This presents an additional problem, since the elastic properties 
of the tungsten carbide are uncertain. Note that while the elastic constants do 
not enter into the calculation of the adhesion energy using equations (3) and (5), 
they do affect the value of x. We measured the pull-off force between these 
tips and a single crystal diamond sample (Diamond Innovations) with a (111) 
orientation, terminated with hydrogen by an RF microwave plasma treatment. 
X-ray photoelectron spectroscopy and near-edge X-ray absorption fine structure 
spectroscopy were used to verify the expected chemical composition and structure 
of the diamond surface. AFM measurements were carried out with two different 
cantilevers to check for reproducibility. We used the Sader method to calibrate 
each cantilever. The tip shape and radius were measured in situ by the inverse 
imaging method using a TipCheck calibration standard (Aurora Nanodevices) and 
deconvolution software. We reduced the possibility of modification of the AFM tip 
by taking pull-off force measurements directly without scanning the sample, and 
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Table 1. 

Tip radii, normal force constants and average pull-off forces mea- 
sured on different samples. Measurements taken using two separate 
AFM cantilevers are reported 


Cantilever R k Poto 
(nm) (N/m) (nN) 

#1 2545 0.108 + 0.022 6.2+1.1 

#2 30+ 6 0.146 + 0.029 9.2+5.0 


Errors are the standard deviations from each set of measurements. 


took at least 35 measurements per tip. In another work (data not shown), we have 
successfully used a TEM to characterize AFM tips from the same wafer under the 
same experimental conditions to verify that the tips did remain unchanged while 
taking such measurements. Cantilever parameters and calculated values of the pull- 
off force for the two levers are presented in Table 1. 

To determine the appropriate contact regime for these experiments, we used 
extreme (i.e. low) values for the elastic constants and equilibrium spacing (Zo) to 
set an upper bound on Tabor’s parameter. The test for an upper bound was chosen 
because it was likely that Tabor’s parameter would be low given the stiffness and 
expected low interfacial energy of diamond and tungsten carbide. Our lower-bound 
‘test’ value of z) was chosen to be 0.154 nm, which is the C—C bond distance in 
diamond. We used a conservatively low modulus for the tip of 357 GPa (50% of 
the value of pure single-crystal tungsten carbide), and used the smallest possible 
value of x = 1.5. We used literature values for the modulus and Poisson’s ratio 
of diamond. Poisson’s ratio for tungsten carbide was also taken from the literature, 
which is a safe choice, since the dependence of Tabor’s parameter on Poisson’s 
ratio is rather weak. As stated above, the only other parameters in the problem, 
the pull-off force and the tip radius, are experimentally determined. Choosing 
the cases that exhibited the largest values of P,, we determined ‘test’ adhesion 
energies from equation (10). These are then used in equation (6), where we find 
that even using the most extreme assumptions, Tabor’s parameter does not exceed 
approx. 0.09. Thus, we are firmly in the DMT regime, i.e. x = 2, and the correct 
work of adhesion can now be directly determined from the pull-off force using 
equation (10). All values used in calculating zy and the resulting work of adhesion 
values are given in Table 2. A significant error is associated with the measurement 
from cantilever #2. Despite the care taken with the measurement, there still exists 
some heterogeneity on the sample, and the possibility of tip changes may have also 
contributed. Nevertheless, the two values for the work of adhesion are comparable. 

In the case of an interface expected to be in the JKR regime, an analogous 
procedure is used: assume x = 2, use the largest reasonable values for any uncertain 
elastic moduli and choose an upper bound for zp. This upper bound for zo could be 
extracted, for example, by examining the force-distance curve. zp can be assumed 
to be no greater than the snap-in distance of the tip, which would be calculated by 
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Table 2. 
Values used for determining the upper bound to Tabor’s parameter and the subsequent work of 
adhesion values assuming the DMT model holds 


i eel 


Cantilever Pesto x y(test) Ertip Vtip Esample Vsample K Z0 UT y (actual, 
(nN) (Jim?) (GPa) (GPa) (GPa) (nm) DMT) 
(im?) 

oe oor Cam 

2 924 | 0.0654 357 0.24 (967 0.08 364 0.154 és 0.049 <k 
5.0 0.048 ‘ 0.027 


converting the change in the normal load signal at snap-in to the distance the tip 
has moved. If one finds that zr, even under these extreme assumptions, exceeds 
approx. 5, then one can safely assume that JKR limit applies. 

Intermediate cases remain problematic without further information. At the very 
least, the methodology outlined above allows one to set upper and lower bounds 
for possible values of the work of adhesion. Also, as we show in the next section, 
if additional information about the contact area can be determined, such as from 
friction measurements, then Tabor’s parameter can be determined. 

The general methodology adopted here is well-suited for many tribological 
interfaces studied. This approach to characterization provides insight into why 
results can vary significantly between the DMT and JKR regimes, and offers 
guidelines on how to embody this understanding when analyzing AFM pull-off 
force data. If true work of adhesion values are to be trusted and are comparable 
between systems, experiments, and laboratories, this type of methodology needs to 
be applied consistently to AFM data and reported accordingly in publications and 
presentations. 


4. FRICTION MEASUREMENTS 


As with adhesion measurements, friction measurements need to be carefully 
calibrated and analyzed, taking into account the necessary contact mechanics and 
the assumptions that go with them. The tip shape and the cantilever’s normal force 
constant must be calibrated properly, as described above. In addition, the lever must 
be calibrated to quantitatively describe lateral forces. Frictional properties are also 
quite sensitive to tip and environmental conditions. The process for friction data 
takes a similar form as adhesion measurements: acquire reliable and reproducible 
friction data, calibrate the AFM lever to obtain quantitative values for normal 
load and friction during an experiment, and use known characteristics of the lever 
and sample along with contact mechanics fits, taking into account the JKR-DMT 
transition, to determine quantitatively the interfacial shear strength and adhesion 
energy. 
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An AFM cantilever can be scanned across a surface so that the direction of motion 
is perpendicular to the long axis of the cantilever. In this way the lever twists due 
to the frictional resistance of the tip and the laser spot reflected from the back of 
the cantilever moves laterally on the photodetector. Friction is determined by taking 
half the difference of the forward and backward scans along a given line on the 
surface. In topographic feedback control, the cantilever is scanned at a constant 
applied load. Alternately, the load can be varied in a specific way while scanning 
the tip across the sample as described below. We refer to this type of experiment as 
determining friction as a function of load, or more simply ‘friction versus load’. 

Friction versus load curves can be obtained by the following procedure. First, 
the AFM control electronics must be able to vary the applied load on the cantilever 
while simultaneously monitoring and recording the normal and lateral signals while 
scanning across the surface. This can be accomplished in a number of different 
ways. Some software and controller packages, such as RHK’s SPM 100 controller 
and SPM 32 software (RHK Technology), allow the applied load to be automatically 
ramped in a stepwise fashion so that an image can be acquired with every scan line 
obtained at a different load. Some other AFM controller/software packages do not 
allow the user sufficient flexibility to complete such an experiment. In this case, 
the user may apply an external signal to the AFM itself. One way is to supply 
a voltage signal directly to the z-piezo of the AFM, thus altering the load on the 
cantilever. This may be accomplished by either modifying the electronics of the 
AFM controller, or by using an external connection, such as a breakout box. The 
downside to applying a signal directly to the z-piezo is that the feedback system 
needs to be turned off, so no line-by-line feedback can be maintained. A better 
method is to send a signal to the AFM that changes the feedback setpoint value, i.e. 
the applied normal load in feedback control. An external signal is sent directly into 
the AFM electronics to vary the setpoint, again either by modification of the AFM 
electronics or using a breakout box. This method allows for feedback control while 
the load is varied during scanning, which is beneficial for measurements on rough 
or sloped surfaces. Load and friction are continuously measured by monitoring the 
position of the laser spot on the photodetector in the normal and lateral directions, 
respectively. Usually it is easier to apply a continuously varying voltage, as opposed 
to the stepwise voltage ramp as in the RHK system for example. However, instead 
of each line being a separate load value, the load is continuously varied even during 
a single scan line. To account for this, the load and friction variations on a single 
line are averaged (excluding the edges of the image where the tip is sticking, and 
not sliding, with respect to the surface) to obtain a single data point of average load 
and friction for every scan line. This is reasonable to do if the variation in voltage 
(and, thus, force) during a single scan line is small compared to the range of voltage 
(force) applied during the experiment. 
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4.1. Acquiring reliable friction versus load curves 


To monitor the reproducibility of the data, the applied load may be started at a high 
value, ramped down until pull-off occurs and then increased back to the starting 
load. This way, the same normal applied load is measured twice within a short span 
of time, for both increasing and decreasing load (except for most of the negative 
load regime, which is only accessed during the decreasing load ramp). If the data 
overlap in these two cases, the data have been successfully reproduced. This can be 
checked by repeating the friction measurements at different locations on the sample 
surface to check for any variation. Note that for viscoelastic materials, hysteresis 
between loading and unloading portions may occur and is, in fact, a useful probe 
for the viscoelastic properties of the sample [23]. 

For consistent friction results one should obtain friction versus load data on a rela- 
tively small area of the sample to avoid topographic and chemical inhomogeneities, 
steps, grain boundaries, etc. However, to ensure that the AFM tip overcomes the 
static friction force and actually slides across the surface, the width of the line being 
scanned should be sufficiently large, which is easily verified by confirming that the 
friction loops contain a reasonable sliding portion. When analyzing the friction data, 
only the portion of the friction traces that corresponds to this steady sliding situation 
should be considered, thereby excluding the static friction regimes. In addition, it 
may be beneficial to scan the same line for the entire duration of the experiment, 
instead of rastering a square region on the surface. This allows for the sampling of 
the same region of the surface for all of the scan lines, except for a slight deviation 
from the region due to thermal drift and any in-plane translation of the tip due to the 
bending of the tilted lever. These effects can be compensated if desired [46]. 


4.2. Relation between contact area and friction 


Several studies have shown that the friction force in solid-solid nanocontacts below 
the wear threshold is proportional to the true contact area, i.e. number of interfacial 
atoms [1, 20, 47-50]. This was demonstrated by measuring both friction and the 
nano-scale contact area experimentally. In other words, friction force F; for a single- 
asperity contact is given by: 


Fe =t-A, (11) 


where A is the interfacial contact area and Tt is the interfacial shear strength. As it 
represents the friction force per unit area of a pair of materials, one can also consider 
T as corresponding to the intrinsic frictional dissipation per interfacial atom. 

The interfacial shear strength is not necessarily constant, and may, as a first 
attempt, be more generally described as a constant plus a pressure-dependent term: 


T= %]+C-D/P, (12) 


where 7 is the constant interfacial shear strength term, p is the nominal contact 
pressure and ¢ is a dimensionless coefficient. The magnitude and pressure 
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dependence of the interfacial shear strength will depend on the materials and the 
sliding conditions (environment and temperature), and determining this behavior 
is a key goal in nanotribology, as is the determination of the general validity of 
equation (11), which may break down for sufficiently small contacts or under 
different sliding conditions (e.g. when wear takes place). Equation (12) has been 
shown to apply very well to systems involving molecular films in contact in the 
SFA [51], for some soft solids in macroscopic contact [52] and for some systems 
measured with the AFM [53]. For bare solid surfaces, the majority of studies 
report that ¢ is negligible [1, 15, 20, 22, 47-50, 53-60], but the range of materials 
for which this has been tested is limited. In any event, the determination of the 
contact area and how it relates to friction is a key challenge, and once again the 
JKR-to-DMT transition must be taken into account to properly describe the contact 
mechanics. 


4.3, Fitting friction versus load data to determine adhesion energy and interfacial 
shear strength 


Although Carpick et al. outlined a procedure for applying equation (11) to a given 
set of contact area or friction data [16], the technique of determining a correct fit 
to data requires experience and knowledge of the characteristics of the different 
contact regimes. We have already discussed that the JKR and DMT limits represent 
two ends of the spectrum, but how does one determine from a given set of data 
whether it would obey the JKR model, the DMT model, or something in between, 
or neither? Figure 3 shows the contact area versus load relations for the various 
models, which again, we emphasize, are only truly valid under several assumptions 
including homogeneous, isotropic, linear elastic materials. One distinction of the 
JKR model is that the Hertz and DMT models predict zero contact area at pull- 
off, while the JKR, as well as the intermediate models, have a finite contact area at 
pull-off. This gives the experimentalist an easy way to make a qualitative estimate 
regarding the contact regime of the interface, and highlights the importance of 
acquiring a dense set of data in the adhesive regime (where the loads are negative). 

As an example, a set of friction versus load data from an AFM experiment is 
shown in Fig. 4a. This set of data was taken using a Digital Instruments MultiMode 
AFM (Nanoscope IV controller) on a silicon substrate coated with a thin organic 
hydrocarbon monolayer film, using a silicon tip with native oxide termination. To 
be clear, the organic film will alter the contact mechanics substantially since the 
system is no longer homogeneous axially, it may be anisotropic, and the organic 
film may be somewhat non-linear and anelastic. This renders our example a case 
where no model in the JKR-DMT spectrum ought to apply quantitatively. However, 
for illustration purposes only, we carry out JKR-DMT analysis, assuming that the 
measured data are obtained for a homogeneous, isotropic, linear elastic system that 
obeys all the assumptions of the JKR-DMT models. A more complete and detailed 
analysis that goes beyond these assumptions will be presented elsewhere (data not 
shown). 
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Figure 4. (a) An example set of AFM friction force versus load data, taken on a silicon substrate 
coated with a thin organic film, using a silicon tip with native oxide termination. This set of data is 
comprised of two overlapping traces, ramping from high load to low load, and then low load to high 
load. The instability points of pull-off and snap-in are shown on the graph. (b) Fit of data from (a) to 
the DMT, JKR and generalized transition equations, setting the same pull-off force for all fits. The two 
free parameters are the interfacial shear strength t and the transition parameter a. (c) Fit of data from 
(a) to the DMT, JKR and generalized transition equations, where the pull-off force is a free parameter 
in addition to the interfacial shear strength t and the transition parameter a. 
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Figure 4. (Continued). 


The data were acquired according to the procedure outlined above, where a 
ramped external voltage was applied to AFM electronics to continuously vary the 
normal force setpoint. There is minimal scatter in the data and no hysteresis other 
than a slight difference at the snap-in point. 

Note that the normal load axis is defined such that zero corresponds to zero 
externally applied load. That is, a normal load of zero corresponds to the deflection 
of the lever when well out of contact with the sample, and no load is acting. This is 
the correct way to plot normal loads. The load axis then simply represents whether 
the lever is applying a tensile or compressive load to the sample. In some cases in 
the literature, researchers shift the normal load axis so that the pull-off force is at 
zero. This unfortunate practice is inappropriate and misleading, because it shifts 
the load axis by different amounts for different interfaces, and the unique amount of 
adhesion for each measurement cannot be determined from the graph as plotted. 

The example data set has been fitted to the DMT, JKR, and generalized transition 
equation, as shown in Fig. 4b. The fit for the generalized transition equation 
is determined by letting the pull-off force P., friction at zero load Fi, and 
transition parameter, a, all be free parameters in a least squares minimization. The 
optimization was performed using KaleidaGraph (Synergy Software). The DMT 
and JKR fits were obtained by setting the pull-off force to be equal to that found 
from the transition fit. Equivalently, one could set this force equal to the pull- 
off force obtained from force—distance measurements, if one is confident that the 
adhesion measurements are consistent and uniform. Thus, there is only one free 
parameter, the friction force at zero load, for each of these two fits. Clearly, the JKR 
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and DMT fits are not appropriate. The transition fit is the most convincing, and the 
pull-off force from this fit is very close to that obtained directly from force-distance 
measurements. 

The JKR and DMT fits can be improved somewhat by allowing the pull-off force 
to be a second free parameter. These fits are shown in Fig. 4c. The JKR fit is not 
substantially changed, but the DMT fit now matches the data better. However, this is 
at the expense of requiring a much larger adhesion force, whereby a portion of data 
at low loads appears to be ‘missing’. One could attribute the apparent ‘missing’ data 
to premature pull-off during friction scanning. However, as stated above, the pull- 
off force from the DMT fit does not match those from force-distance measurements. 
The transition fit, therefore, remains the most convincing. 

The values from the transition fit are P, = 22.3 nN, Fp = 10.4 nN anda = 0.42. 
From equation (6) and the relation A = 1.15707, this corresponds to wr = 0.45, 
which indeed is in between the JKR and DMT limits. 

Now that we know the value for wr, the pull-off force and friction force at zero 
load can be converted into values for the work of adhesion and the interfacial shear 
strength by using the formulae in Ref. [16]. In this example, y = 119 mJ/m? and 
t = 550 MPa. A pure two-parameter JKR fit would give y = 123 mJ/m? and 
t = 436 MPa, and a pure two-parameter DMT fit would give y = 148 mJ/m? and 
t = 706 MPa. Clearly, using the appropriate fit within the JKR-DMT spectrum 
makes a substantial difference, particularly for the interfacial shear strength. 

The data can also be fitted by allowing ¢ to be non-zero. The fits are less accurate 
in this case, suggesting that ¢ is indeed zero for this system. However, the number 
of free parameters, four, is substantial. It, therefore, becomes desirable to measure 
the contact area independently of the friction force. This is done by measuring 
either the lateral contact stiffness [15, 48, 53, 57, 61] or the contact conductance 
[55, 62] as a function of load. Both of these quantities are related to the contact 
area, and analogous fitting procedures can be carried out to determine the transition 
parameter. These are important approaches that we strongly endorse, but do not 
discuss in detail in this publication. 


5. FUTURE DIRECTIONS 


It is remarkable that continuum mechanics is able to provide such a reasonable 
description of the contact properties at the nanometer scale. That is not to say 
that continuum mechanics tells the whole story; the system is, of course, made 
of atoms, and atomic-scale behavior like stick-slip friction is readily observed in 
many systems. Furthermore, recent work has indicated significant deviations from 
continuum behavior. Socoliuc et al., for example, have found that the lateral contact 
stiffness at the lowest accessible loads for AFM tips with radii nominally below 
15 nm cannot be accounted for by a continuum approach [63]. Specifically, the 
contact stiffness is load-independent, suggesting that a fixed number of atoms are 
interacting across the interface, and that this structure is not changing with the load. 


Accounting for the JKR-DMT transition 93 


Cha et al. have simulated single-asperity contact during loading and unloading 
using molecular dynamics [64]. The simulations and experiments both show that 
elastic contact mechanics should not be applied to describe asperity loading because 
the loading process involves generation and motion of dislocations. However, they 
find that the JKR model is applicable for unloading, where the deformation is 
almost completely elastic [64]. Luan and Robbins [65] have recently shown in 
simulations that the JKR model breaks down for sufficiently small contacts. The 
stress distribution no longer smoothly varies with location, and the contact area 
becomes difficult to determine. Wenning and Miiser [66] have shown in simulations 
that for small contacts, atomic-scale contamination and lattice commensurability 
are determining factors, and the dependence of friction upon load is not necessarily 
monotonic nor strictly determined by the contact area. 

These examples suggest that the description of the contact area, if it can even be 
defined in the atomistic limit, now poses the next set of challenges for researchers 
in nanotribology. 


6. CONCLUSIONS 


We have discussed the development of contact mechanics, from Hertz to the present 
day. In the case of homogeneous, isotropic, linear elastic normal adhesional 
contact between a sphere and a plane, the spectrum of interactions between the 
JKR and DMT limits can be applied to describe the contact area. We have shown 
how adhesion and friction measurements by AFM can be understood in light 
of the transition. We have also given examples of how the fits are performed, 
and how the fits significantly affect the calculations of fundamental interfacial 
parameters, namely the interfacial shear strength and the work of adhesion. Future 
challenges could encompass more complex contact mechanics situations, such as 
anisotropy, plasticity, viscoelasticty, inhomogeneity, the presence of thin films, and 
the breakdown of the continuum description of contact at the atomic scale. 
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Friction, adhesion, and deformation: dynamic 
measurements with the atomic force microscope 
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Tan Wark Research Institute, University of South Australia, Mawson Lakes, SA 5095, Australia 


Abstract—A summary is given of the author’s recent experimental and theoretical work involving the 
atomic force microscope, with the focus being upon dynamic measurements. Four topics are covered: 
calibration techniques for the friction force microscope, quantitative measurements of friction and the 
effect of adhesion, measurement and theory for the deformation and adhesion of viscoelastic particles, 
and the interaction and adhesion of hydrophobic surfaces due to bridging nanobubbles. 


Keywords: Atomic force microscope; friction; adhesion; deformation; nanobubble. 


1. INTRODUCTION 


The atomic force microscope (AFM) [1] is commonly used to image surfaces 
and to study the interaction and adhesion of particles. The widespread adoption 
of the AFM is due to its ease of use, the molecular-level information that it 
provides, and the variety of surfaces that can be studied in a broad range of 
environments. In addition, the computer interface allows flexible control of the 
device and the automated acquisition of large volumes of data; it facilitates multiple 
repeat experiments to check reproducibility and to minimize statistical error; and 
it enables detailed data analysis. This computer control opens up the possibility of 
real-time monitoring of experiments and the exploration of time-dependent effects. 
The AFM is well suited to studying the latter, whereas the original surface force 
apparatus [2] and its variants [3, 4] either lack automated data acquisition or suffer 
from inertial and other artefacts that must be taken into account in the quantitative 
interpretation of dynamic force measurements [5, 6]. 

The distinction between equilibrium and non-equilibrium forces is quite impor- 
tant. To some extent, the primary concern with the AFM has been (and should 
be) to ensure that the experiments are carried out slowly enough that equilibrium 
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is established at each instant, so that the measured forces are comparable to those 
measured statically. Beyond that, an exciting field of research exploits the dynamic 
capabilities of the AFM to measure non-equilibrium phenomena in a controlled 
fashion. We review two examples from our laboratory that show the utility of dy- 
namic AFM measurements for non-equilibrium systems. Results and quantitative 
analyses are presented for the deformation, interaction, and adhesion of viscoelastic 
droplets (Section 4), and for the interaction and adhesion of surfaces via bridging 
nanobubbles during their spreading (Section 5). 

The most obvious technique that utilizes the dynamic capability of the AFM 
is the measurement of friction, which is also called friction force microscopy or 
lateral force microscopy. Since the original work of Mate et al. [7], the fields of 
friction force mapping (sometimes called chemical imaging) and of nanotribology 
have grown greatly (see, for example, papers in Refs [8] and [9]). Although 
some progress has been made, this research has been limited by approximations or 
restrictions on the lateral calibration method for the AFM. This deficiency has been 
rectified quite recently by two techniques that yield the torsional spring constant of 
the cantilever and the voltage response of the lateral photodiode to cantilever twist 
{10—12]. This review begins by summarizing the limitations of previous calibration 
techniques and by detailing the procedures involved in the newer quantitative 
methods (Section 2). The results that we have obtained in our laboratory [13] for the 
quantitative dependence of friction on adhesion in a system with electrical double- 
layer interactions are then reviewed (Section 3). 


2. CALIBRATION OF THE FRICTION FORCE MICROSCOPE 
2.1. Critical review 


In order to use the AFM, various calibrations have to be performed. The lateral 
movement of the piezo-crystal is often calibrated using model substrates. The 
expansion factor that relates the applied voltage to the distance that the piezo-crystal 
expands in the vertical direction normal to the substrate, Az, can be measured 
from the interference fringes due to the reflection of the laser from both the 
cantilever and the substrate. The normal spring constant of the cantilever, k,, can 
be obtained gravitationally, thermally, or by resonance techniques [14-16]. The 
normal photodiode sensitivity factor, a, relates the measured vertical differential 
photodiode voltage, AVven, to the vertical deflection of the cantilever, Ax, which in 
the constant compliance regime is equal to the piezo-drive movement, Ax = Az. 
For the quantitative measurement of friction, in addition to these, one has to 
obtain the torsional spring constant of the cantilever, kg, and the lateral photodiode 
sensitivity factor, 6, which relates the measured lateral differential photodiode 
voltage, AViar, to the twist angle of the cantilever, A@. 

Unfortunately, almost all lateral calibration techniques that have been used to 
date are approximate in one way or another, and the measurements of friction that 
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utilize them must be regarded as semi-quantitative. Briefly, a critical review of 
the literature reveals that in most cases [17-21], the torsional spring constant is 
calculated, not measured, using an analytic approximation [22] that idealizes the 
actual geometry of the cantilever. In addition, it ignores the effects of coatings and 
thickness variations, which in the case of the normal spring constant can alter the 
value by an order of magnitude. The lateral sensitivity factor, which relates the 
photodiode voltage to the twist angle, has also been obtained by assuming it to be 
proportional to the vertical sensitivity [18], by modelling the beam path and profile 
[19], and by assuming that the tip is pinned during the initial part of the friction 
loop [17, 23]. The assumed pinning does not take into account any slippage or 
deformation of the tip, which can make the method inaccurate, and others have 
attempted to improve the method by invoking certain simple models of friction 
and deformation (20, 21]. Measurements of friction parallel to the long axis of 
the cantilever using the normal spring constant and sensitivity [24, 25] erroneously 
neglect the bending moment of the cantilever [6, 21]. Toikka er al. [23] attempted to 
use gravity acting on an attached lever, but the torque that they applied was shown 
to give negligible cantilever twist [12], and it appears that what they measured was 
in fact photodiode saturation. And finally, the commonly used calibration method of 
Ogletree et al. [26] is restricted by the need for a specialized terraced substrate and 
an ultra-sharp tip. For the calibration, this method makes two assumptions about 
the friction law, namely that friction is a linear function of the applied load and that 
it vanishes when the applied load is the negative of the adhesion (i.e. the pull-off 
point). Counter-examples showing non-linear behaviour are known [13, 27] and 
one should check whether or not such a linear regime exists before using it for the 
calibration. That none of the previous calibration methods is entirely satisfactory 
is confirmed by the fact that many friction force microscopy (FFM) papers give 
friction in terms of volts rather than Newtons [27-29]. Almost all friction force 
maps are similarly uncalibrated and the images are given in terms of volts rather 
than the physical friction coefficient. 

Feiler et al. [12] have developed a direct technique that simultaneously measures 
the cantilever spring constant and the lateral sensitivity of the photodiode. That 
particular method is discussed in detail below. 

Meurk et al. [10] have given a method for directly calibrating the lateral sensitivity 
of the photodiode. Basically, the angle of a reflective substrate is varied with respect 
to the laser beam. In some AFM scanners, there is a stepper motor that facilitates 
the tilt of the head. From the geometry and the amount of movement, the degree 
of tilt, AQ, can be calculated. The change in the lateral photodiode voltage, A Viat, 
is linear in the tilt angle and the ratio of the two gives the lateral sensitivity of the 
AFM. 

The torsional spring constant of the cantilever can be obtained directly by the 
technique developed by Bogdanovic et al. [11]. Here a protuberance (e.g. an 
upturned tipped cantilever) is glued to the substrate and force measurements are 
performed against it with the protuberance making contact off the central axis of 
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the tipless force measuring cantilever, which causes the latter to bend and to twist. 
Recording the normal and lateral photodiode voltages in the constant compliance 
regime at several different lateral off-sets allows the spring constant divided by the 
lateral sensitivity to be obtained. Combined with the method of Meurk eg al. [10], 
this allows a full calibration of the AFM. (In principle, one can also obtain the lateral 
sensitivity with this method. However, the small leverage and high torsional spring 
constant make it impractical to do so.) 


2.2. Quantitative calibration technique 


We now describe in detail a one-step method that simultaneously measures both the 
lateral photodiode sensitivity and the torsional spring constant of the cantilever that 
has been developed in our laboratory [12]. A glass fibre 50-200 um in length is 
glued perpendicular to the long axis of the cantilever and parallel to the substrate. To 
ensure that the substrate pushes on the end of the fibre, a colloid sphere is attached 
at its tip (see Fig. 1). Using the well-known colloid probe attachment procedure of 
Ducker et al. [30], an epoxy resin is used to attach the sphere and a heat-setting 
adhesive is used to attach the fibre. This allows the fibre to be removed later and 
the cantilever used for friction measurements (i.e. the method is non-destructive). 
Attaching the sphere is convenient but not essential; other ways to ensure that it is 
the end of the fibre that touches the substrate include gluing the fibre to the cantilever 
at a slight angle, having a ledge or colloid probe on the substrate, or performing the 
measurement with the head or substrate tilted a small amount (e.g. by using the 
stepper motor). 

The essence of the method is that pushing on the tip of the fibre with a force 
F produces a torque t = FL, where L is the length of the fibre. The cantilever 
simultaneously deflects, Ax = F/k,, and twists, AQ = t/kg. The deflection, and 
hence the force and torque, is obtained from the differential vertical photodiode 
voltage Ax = a@oAVver, where the bare sensitivity factor, ao, is measured in 
the constant compliance regime without the attached fibre. The actual sensitivity 
factor with the attached fibre, az, is greater than this because only part of the 
piezo-drive movement goes into deflecting the cantilever, Ax < Az (the rest is 
soaked up by the twist). The bare vertical sensitivity factor has to be measured in 
a separate experiment and depends on the positions of the laser, the photodiode, 
and the cantilever mount. With practice, it is possible to obtain better than 10% 


on 


Figure 1. Rectangular cantilever with attached fibre and sphere. When the substrate is moved a 
distance Az, the cantilever deflects a distance Ax and twists an amount A@. The corresponding 
changes in the differential photodiode voltages, A Vverr and A Viat, are measured. 
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reproducibility in this quantity between different experiments and after remounting 
the cantilever. The best way to ensure this is to maximize the total vertical signal 
and to minimize the differential lateral signal each time. 

The calibration factor of primary interest is the one that relates the differential 
lateral photodiode voltage to an applied torque, tT = y AVjq:. This is given by 


= T = k, AxL = AVvert 
AVia = AViat wn  AVaae | 


Y (1) 
This equation predicts a linear relationship between the two photodiode signals, 
which, as can be seen in Fig. 2, is indeed the case. The slope of this line, combined 
with the measured values for the vertical spring constant, the bare vertical sensitivity 
factor, and the length of the fibre, gives the factor that converts the differential lateral 
photodiode voltage to the applied torque in general (i.e. independent of the attached 
fibre). Figure 3 shows the lateral sensitivity factor obtained using a number of 
different fibres. That the same value is obtained each time shows that it is an intrinsic 
property of the cantilever and AFM set-up. It also confirms that remounting the 
cantilever does not preclude reproducible results from being obtained. 

We found that the calibration procedure was straightforward and relatively robust. 
The method was less successful whenever there was significant adhesion between 
the substrate and the tip of the fibre or the attached sphere. We minimized 
such adhesion by using silica surfaces and conducting the calibration in water at 
natural pH. 
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Figure 2. Lateral differential photodiode voltage as a function of the vertical voltage. Both were 
measured for a cantilever with an attached fibre over the whole approach regime of a single force 
measurement. The data are from Ref. [12]. 
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Figure 3. Lateral sensitivity factor for different fibres. The cantilevers were taken from the same 
batch. Circles indicate fibres with an end-attached sphere; diamonds indicate bare fibres; filled 
symbols are for approach; and open symbols are for retraction. The data are from Ref. [12]. 


It is possible to verify independently the procedure by obtaining the sensitivity 
factor that relates the change in angle to the change in the lateral photodiode signal, 
and comparing this with the value obtained by the method of Meurk et al. [10]. 
From the slope of the constant compliance region of the force curve with the 
attached fibre, one can obtain the constants 


_ kz 
AViat 


ay and B; (2) 


= A VWoent 


for the vertical and lateral deflections, respectively. With these, the lateral sensitivity 
can be shown to be given by [12] 


AG _ BLC — a@o/az) 


Ta 3 
AViet L “ 


A value of 3 x 1074 rad/V was obtained using our method [12], compared with 
1.7 x 10-4 rad/V using the method of Meurk et al. [10]. 
The torsional spring constant itself is given by [12] 


—k,L? 


pa 
° T= az/ao 


(4) 


A value of 2 x 10-° Nm was obtained using our method [12], compared with 
1.2 x 10-9 Nm calculated from the method of Neumeister and Ducker [22]. 
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3. ADHESION AND FRICTION 
3.1. Intrinsic force 


One of the oldest ideas concerning the nature of friction is embodied in Amontons’ 
law, which states that the friction force f is proportional to the applied load L, 
f = uwL, where p is the coefficient of friction. For the case of adhering surfaces, 
where a negative load needs to be applied to separate them, it is known that there 
can be substantial friction even when the load is zero. Hence Amontons’ law may 
be slightly modified: 


LAs IS A 
5a, ) 


5 
0, L<—A, (5) 


where A > 0 is the adhesion, which is the greatest tension that the surfaces can 
sustain (i.e. it is equal to the absolute value of the force required to pull the surfaces 
apart). This modified version reflects the plausible idea that friction only occurs 
when the surfaces are in contact. Amontons’ law raises several questions: Is friction 
a linear function of load? Is the role of adhesion only to shift the effective load? 
What is the law for non-adhering surfaces? Is friction zero for surfaces not in 
contact? And what does contact mean on a molecular scale? 

The AFM is an ideal tool to test the fundamental nature of friction and we set 
out to answer quantitatively these and other questions [13]. We chose a system that 
would allow us to alter the adhesion in a controlled manner, so that as far as possible 
all other variables were kept constant. We used a titanium dioxide substrate (root 
mean square roughness of 0.3 nm) and a silicon dioxide colloid probe (root mean 
square roughness of 0.8 nm, 7 zm diameter). The measurements were carried out in 
an aqueous electrolyte (10-3 M KNO3) as a function of pH. The SiO> is negatively 
charged at practically all pHs (its point of zero charge is * pH 2), whereas TiO» 
is positively charged at low pH and negatively charged at high pH (its point of 
zero charge is + pH 4.5). Hence at low pH the attractive double-layer interaction 
between the surfaces causes, them to adhere, and at high pH they repel each other 
and do not adhere. 

There have been several other AFM studies of friction between surfaces with 
electrical double-layer interactions [27, 31, 32]. In some cases, an applied voltage 
has been used to modify the adhesion, but the friction coefficients and force laws 
have all been qualitative in the sense of the preceding section. A critical discussion 
of these results is given in Ref. [13]. 

The load, which is the applied normal force, is shown in Figs 4 and 5 as a function 
of the separation for various pHs. It can be seen that the surfaces do indeed interact 
with an electrical double-layer interaction and that the pH controls the sign and the 
magnitude of the force. For pH 4 and 5, the attractive double-layer interaction gives 
an adhesion of A = 10.5 and 4.4 nN, respectively. However, at higher pH the 
surfaces do not adhere. 
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Figure 4. Force on approach as a function of the separation. The substrate is TiOz, the 7 4m diameter 
colloid probe is SiOz, and the background electrolyte is 1 mM KNO3. From top to bottom, the curves 
correspond to pH 8, 7, 6, 5, and 4. The inset shows constant potential (Wsio. = —50 mV and 
WTio, = —43 mV) and constant charge fits to the pH 8 case on a log scale. Reprinted with permission 
from Ref. [13]. Copyright (2000) American Chemical Society. 
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Figure 5. Same as Fig. 4 on retraction. The inset magnifies the three highest pHs at small separations. 
Reprinted with permission from Ref. [13]. Copyright (2000) American Chemical Society. 


In view of equation (5), we are motivated to define the detachment force, Fuetach; 
as the minimum applied force necessary to keep the surfaces in contact [13]. For 
non-adhering surfaces this is a positive quantity, and for adhering surfaces it is 
negative (in fact, it is the negative of the adhesion). The detachment force at pH 
6, 7, and 8 was Fuetach = 1.4, 2.6, and 3.5 nN, respectively (Fig. 5). In view of the 
close relationship between adhesion and the detachment force, one may define an 
intrinsic force, 


Finvrinsic = L — Foetach; (6) 
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Figure 6. Friction force as a function of the applied load. Reprinted with permission from Ref. [13]. 
Copyright (2000) American Chemical Society. 


which may be thought of as the force in excess of that when the surfaces are just 
in contact. In this language, Amontons’ law generalized to non-adhering surfaces 
would read f =  Finwinsic- 

We measured friction as a function of the applied load at various pHs. This was 
done in the usual fashion [7] by moving the substrate back and forth in the direction 
perpendicular to the long axis of the cantilever and recording friction loops. The 
length of the scan in each direction was 0.5 zm and the velocity was 1 uwm/s. 
The lateral calibration factor, obtained as detailed above [12], was used to convert 
(half) the voltage difference between the two arms of the friction loop to the applied 
torque t. The friction force was obtained as f = t/2r, where r = 7 yum is the 
radius of the colloid probe. The applied load was fixed by using the set-point feature 
of the AFM (i.e. the vertical deflection signal was held constant during the friction 
loop). 

Friction is plotted as a function of the applied load in Fig. 6. In general, friction 
increases with increasing load. At a given applied load, friction is also larger, the 
lower the pH. Since the adhesion increases with decreasing pH, one may restate 
this fact as the higher the adhesion, the higher the friction at a given applied load. 
Moreover, friction is non-zero at zero loads for adhering surfaces. For non-adhering 
surfaces, friction is zero for small, but non-zero applied loads. 

The quantitative behaviour of friction with pH is not obvious when plotted as a 
function of the applied load. But when plotted against intrinsic load, Fig. 7, the 
utility of the detachment force becomes evident. The functional form of the friction 
force law is fundamentally independent of pH and all the measurements lie on a 
single universal curve. In other words, the major role of pH is to determine the 
adhesion (or more precisely, the detachment force). Once this parameter has been 
experimentally determined from a normal force measurement at a given pH, the 
friction at that pH may be predicted from the friction measured at any other pH 
merely by shifting the load by the detachment force. 
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Figure 7. Friction force as a function of the intrinsic load. Reprinted with permission from Ref. [13]. 
Copyright (2000) American Chemical Society. 


These experiments show that for this system friction is not a linear function of the 
load (i.e. the friction coefficient 4 = df/dZ is not independent of load). There is 
a noticeable curvature in the plot, with friction increasing more rapidly at higher 
loads. The loads that have been applied here are relatively weak [the average 
pressure in the contact region (see below) is less than about 10 MPa and the peak 
pressure is less than about 100 MPa [13]] and it is not clear what will happen at 
higher loads than these. 

Whilst it is not implausible that the friction should be zero for negative intrinsic 
forces in all cases (this corresponds to the surfaces being out of contact), it is a little 
surprising that for positive intrinsic forces the increase in friction is the same in all 
cases. After all, not only are the adhesion and the normal force laws different at 
different pHs, but also the surface chemistry varies due to the different amount of 
ion binding that occurs. The fact that the latter has almost no effect on friction is 
perhaps not unexpected, since over the range of pH studied, for TiO2 only about 
1% of the surface sites are converted from H~ at low pH to OH™ at high pH, and 
for SiO, the change is about 10% [33]. Nevertheless, it is not immediately obvious 
why surfaces with different adhesion display quantitatively the same friction for the 
same intrinsic force. 


3.2. Elastic deformation 


In order to investigate the above question further, we carried out elastic deformation 
calculations on the sphere and substrate under the experimental conditions [13]. 
Elastic deformation has long been thought to play a dominant role in the friction of 
macroscopic bodies, mainly in the context of using contact mechanics to account for 
asperity flattening [34, 35]. We, however, were in a position to go beyond contact 
theories such as that due to Johnson, Kendall, and Roberts (JKR) [36] or that due 
to Derjaguin, Muller, and Toporov (DMT) [37]. We used the soft-contact algorithm 
of Attard and Parker [38, 39] and invoked the actual experimentally measured force 
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Figure 8. Calculated surface profiles for an applied load of 5 nN. From top to bottom, the pH is 8, 
7, 6, 5, and 4, and in each case, the measured force law has been used in the calculations. Young’s 
modulus and Poisson’s ratio for SiOz, E/(1 ~ v2) = 7.7 x 10!° N/m2, have also been used. The 
bottom dashed curve is for an applied load of 720 nN for the pH 4 case. The abscissa is the distance 
from the central axis in micrometres and the ordinate is the local separation in nanometres. The data 
are from Ref. [13]. 


law, which has, of course, an extended range (i.e. it is not a contact force). The 
algorithm self-consistently calculates the surface shape of the elastically deformed 
bodies due to the local pressure, which, in turn, depends on the local separation 
of the deformed bodies. In this way, we obtain the actual surface shape and the 
actual pressure profile, whereas contact mechanics assumes simplified and non- 
physical forms for both. We fitted a smooth curve to the measured force law at 
different pHs and using the Derjaguin approximation, differentiated this to obtain 
the pressure as a function of the surface separation. The latter is required by the 
algorithm [38, 39], as discussed in the following. The calculations presented in 
Ref. [13] are the first elastic deformation calculations using an actual experimentally 
measured force law. For the present calculations, there was no hysteresis between 
the loading and unloading cycles. (The hysteresis observed in the original papers 
[38, 39] for soft adhering bodies has since been attributed to a non-equilibrium 
viscoelastic effect [40, 41]; see Section 4.) 

Figure 8 shows the resultant surface shape at an applied load of 5 nN. This load is 
greater than all the detachment forces and in all cases, the surfaces showed non-zero 
friction. It can be seen that very little surface flattening has occurred and that the 
surfaces at different pHs are effectively displaced parallel to each other. 

Also included in Fig. 8 is a high load (720 nN) case, which shows substantial 
flattening. However, there is no well-defined contact region and there is certainly 
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Figure 9. Calculated surface profiles for an intrinsic force of 15 nN. From top to bottom, the virtually 
indistinguishable curves correspond to pHs of 8, 7, 6, 5, and 4, respectively. The data are from 
Ref. [13]. 


no sharp change in the surface profile to demark contact, despite the fact that these 
calculations are for the adhering pH 4 surfaces. 

The fitted force law includes a Lennard-Jones soft repulsion with length scale 
0.5 nm [13] and one could define contact as local separations smaller than this. Such 
an arbitrary definition is somewhat problematic, particularly since the curves at 5 nN 
load, which are not in contact by the definition, display non-zero friction. In view 
of this discussion of the meaning of contact for systems with realistic surface forces 
of non-zero range, the inapplicability of simple contact theories such as Hertz, JKR, 
or DMT is clear. One might also conclude that the experimental verification or 
refutation of Amontons’ second law (for a given load, friction is independent of the 
contact area) at the molecular level will be difficult. 

Figure 9 shows the surface shapes at different pHs at an intrinsic load of 15 nN, 
which corresponds to an applied load of 5 nN for the pH 4 case. The change 
from Fig. 8 is quite dramatic and one can see that the profiles have coalesced. 
In other words, surfaces at a given intrinsic load have the same shape and local 
surface separation. Given that friction is also a universal function of intrinsic load 
(Fig. 7), one may conclude that friction is a function of the local separation and 
independent of the force law. In so far as the short-range interactions between the 
atoms on the two surfaces can be expected to be independent of the pH, one can 
say that these are the interactions that determine friction. Friction occurs between 
two bodies when energy can be transferred from one to another, which means that 
they have to be close enough for the interaction between atoms on the two surfaces 
to be comparable to the thermal energy [13]. One concludes that the only role of 
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adhesion in friction is to decrease the amount of applied load that is necessary to 
bring the surfaces to a given separation. 


4. VISCOELASTIC DEFORMATION AND ADHESION 
4.1. Viscoelastic theory 


The shapes of the deformed surfaces given above were obtained by solving the 
equations of continuum elasticity theory in the semi-infinite half-space approxima- 
tion [38, 42] 


ii i gee): (7) 
nE lr —s| 


Here the elasticity parameter E is given in terms of Young’s moduli and Poisson’s 
ratios of the two bodies, 2/E = (1 — v?)/Ey +(_1- v3)/E2; r = |r| ands = |s| 
are the lateral distances from the central axis connecting the centres of the bodies 
(the integration is over the two-dimensional plane bisecting the two bodies); and 
p(h) is the pressure between two infinite planar walls at a separation of h. The 
total deformation normal to the surfaces at each position is u(r) and hence the local 
separation between the two bodies is h(r) = ho(r) — u(r). Here the local separation 
of the undeformed surfaces is ho(r) = ho +r?/2R, where ho is the separation on the 
axis, and where R7! = Ry 1 Ry is the effective radius of the interacting bodies; 
in general, the R; is related to the principal radius of curvature of each body [43]. 

For contact theories such as Hertz, JKR, or DMT, the local pressure p(h(r)) that 
appears in the integrand of equation (7) is replaced by a contact pressure p,(r) that 
is a specified function of radius which when integrated gives u(r) = r?/2R, which 
corresponds to a flat contact region, h(r) = 0. In contrast, for realistic force laws 
that have an extended range, such as van der Waals, electrical double layer, or the 
actual measured p(h) discussed above, the integral must be evaluated numerically. 
Because in this case the local separation depends on the deformation, equation (7) 
represents a non-linear integral equation that must be solved by iteration for each 
nominal separation Ao. 

An efficient algorithm for the solution of the non-contact elastic equation has 
been given by the Attard [38, 40] and it has been used to analyse a variety of force 
laws [13, 38-41]. Other workers have also calculated the elastic deformation of 
the solids using realistic surface forces of finite range [44-51]. There have, of 
course, been a large number of experimental studies to measure the interaction of 
deformable solids. These include AFM measurements [52—62], as well as results 
obtained with the surface force apparatus and the JKR device [63-72]. These 
studies, in general, show that the adhesion and interaction are hysteretic and time- 
dependent, particularly for highly deformable solids with high surface energies. 
Such behaviour is characteristic of viscoelastic materials. Maugis and Barquins 
have given a review of adhesion experiments on viscoelastic materials, which they 


110 P. Attard 


attempt to interpret in quasi-JKR terms, introducing a somewhat ill-defined time- 
dependent surface energy [73]. 

A proper theoretical treatment of the deformation and adhesion of viscoelastic 
materials involves replacing the elasticity parameter, which gives the instantaneous 
response to the pressure, by the creep compliance function, which gives the response 
to past pressure changes. In this way, the prior history of the sample is accounted 
for. Hence the generalization of the elastic half-space equation involves a time 


convolution integral [74, 75], 
Gea [+ és POO (8) 
TE = —t’) lr — s| 


Here p(h(r, t)) is the time rate of change of the local pressure at a distance r = |r| 
from the axis and at time t. The bodies are assumed to be stationary up to time fo, 
and if interacting or in contact, have at that time fixed deformation corresponding to 
static elastic equilibrium, u(r, to) = Uoo(r). This expression is essentially equivalent 
to that used by a number of authors [76-79], with the difference being that the 
latter have treated contact problems, with p(h(s, t)) replaced by a specified analytic 
Dc(s,t), whereas here p(h(s, t)) is determined by the physical force law and the 
rate of change of separation over earlier times. 

An algorithm has been developed for solving the full non-contact problem for the 
case where the creep compliance function has an exponential form [74]: 


u(r, t) — u(r, to) = D 


a) 
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Here Ey and E,, are the short- and long-time elasticity parameters, respectively, 
and t is the relaxation time. The algorithm can be generalized to more complex 
materials with multiple relaxation times [74]. The present three-parameter model is 
perhaps the simplest model of viscoelastic materials, although an alternative three- 
parameter expression, E(t)~! = Cy + C\t”, 0 < m < 1, has also been used to 
model liquid-like materials [78-80]. 

With the exponential creep compliance function, differentiation of the deforma- 
tion yields [74] 


u(r, t) = = (u(r, t) — Ugo(7, t)] 


2 p(h(s, t)) 
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where Uo is the static deformation that would occur in the limit t — oo if the 
pressure profile were fixed at its current value, 
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Figure 10. Surface profiles for adhering viscoelastic spheres. The profiles are plotted every 
millisecond, or every 2 nm from to = 10 nm (top) to —10 nm (bottom). The drive speed is 
jig! = 2 m/s and the Hamaker constant is A = 107!9 J, with zo = 0.5 nm and R = 10 um. 
The viscoelastic parameters are Eg = 10!9 N/m?, Exo = 10? N/m?, and rt = 1 ms. The right-hand 
pane] is for loading and the left-hand panel is for unloading. The data are from Ref. [75]. 


The rate of change of the pressure is 
p(A(r, t)) = p'(h(r, t)) [ho(t) — ar, 9], (12) 


where /i(t) is the specified drive trajectory, Accordingly, equation (10) represents 
a linear integral equation for the rate of change of deformation. It can be solved 
using the same algorithm that has been developed for the elastic problem [38, 40]. 
It is then a simple matter to solve the differential equation for the deformation by 
simple time stepping along the trajectory, u(r,t + A;) = u(r, t) + A,u(y, t). 

The algorithm has been used to obtain results for an electrical double-layer 
repulsion [74] and for a van der Waals attraction [75]. The latter is 


AT ee 

p(h) = mal i} (13) 
where A is the Hamaker constant and Zo characterizes the length scale of the soft- 
wall repulsion. Figure 10 shows the shape of viscoelastic spheres during their 
interaction. The total time spent on the loading branch is ten times the relaxation 
time, so that one expects to see viscoelastic effects. At the largest separation, 
prior to approach the surfaces are undeformed. Prior to contact, on approach 
they bulge towards each other under the influence of the van der Waals attraction. 
There is a relatively rapid jump into contact and initially a fast spreading of the 
flattened contact region, which continues to grow as the bodies are driven further 
together. At the edges of the contact region, there is a noticeable rounding of 
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the surface profiles on the approach branch. Following the reversal of the motion 
(unloading), the surfaces become extended as they are pulled apart and there is a 
sharper transition between contact and non-contact than on the loading branch. It 
should be noted, however, that even in this case the slopes at the edge of the contact 
region are not discontinuous, as predicted by the JKR theory. Following the turning 
point, the surfaces are effectively pinned in contact for a time and then the contact 
region begins to recede. After the surfaces jump apart, there remains a memory 
of the stretching that occurred during unloading and for a time comparable to the 
relaxation time of the material, the deformed separation is smaller on the unloading 
branch out of contact than at the corresponding position upon loading. 

This hysteresis in surface shape is reflected in the difference in force versus 
nominal separation curves on the loading and unloading branches (Fig. 11). On 
approach, prior to contact a given attraction occurs at larger nominal separation, 
for slower driving speeds. In these cases, there is an increased bulge, leading to 
smaller actual separations, a consequence of the fact that viscoelastic materials 
soften over longer time-scales. The jump of the surfaces into contact is reflected in 
a sharp decrease in the force. Once in contact, the force increases and the nominal 
separation becomes negative, which is a reflection of the deformation and growth of 
the flattened contact region under increasing load. The faster the bodies are driven 
together, the steeper is the slope of the force curve, as one might expect, since this 
corresponds to materials that are in effect stiffer since they do not have time to relax. 
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Figure 11. Interaction forces for adhering viscoelastic spheres. From small to large, the hysteresis 
loops correspond to driving velocities of |A9| = 1,2, and 5 m/s, using the viscoelastic parameters of 
Fig. 10. The crosses represent the static equilibrium elastic result for Egy = 109 N/m”. Inset: loading 
curves in the region near initial contact. The diamonds represent the static equilibrium elastic result 
for Ey = 10'° N/m? and the bold curve is the force for rigid particles. The data are from Ref. [75]. 
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Following the reversal of the direction of motion in Fig. 11, a small increase in 
the nominal separation gives a large decrease in the applied load, which causes the 
unloading branch to lie beneath the loading branch. This behaviour is reflected in the 
surface profiles (Fig. 10), where on the loading branch, increasing the load causes 
the contact area to grow. In contrast, immediately following the turning point, 
decreasing the load stretches the surfaces at a fixed contact area. The hysteresis in 
the force curves manifests the fact that a certain energy has to be put into the system 
to move the surfaces a nominal distance on loading, and less energy is recovered 
from the system in moving the same distance on unloading. This is precisely 
what one would expect from a viscoelastic system. The size of the hysteresis loop 
increases with the speed with which the bodies are driven together or pulled apart. 
As the speed is decreased, both loops appear to coalesce on the long-time elastic 
result, which corresponds to static equilibrium, equation (7). 

Figure 11 also shows that the adhesion, which is the maximum tension on the force 
loop, increases with the drive velocity, ho. Because the position here is controlled, 
we are able to calculate the trajectory past the force minimum and beyond the out of 
contact jump. In an experiment that controlled the load, the force minimum would 
be the last point measured in contact. The position of the minimum force moves to 
smaller (more negative) nominal separations as the velocity is increased. It can be 
seen that the adhesion of the viscoelastic bodies is significantly greater than that of 
elastic bodies. 

The velocity dependence of the adhesion is explored in more detail in Fig. 12. 
As the velocity is decreased, the curves asymptote to the static equilibrium elastic 
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Figure 12. Adhesion force. The maximum tension normalized by the JKR elastic adhesion is plotted 
as a function of the drive velocity (logarithmic scale). The parameters are as in Fig. 10, except that the 
Hamaker constant is A = 1, 5, and 10 x 107° J (the surface energy is y = A/167 23 = 0.80, 3.98, 
and 7.96 mJ/m2) for the dotted, dashed, and solid curves, respectively. The data are from Ref. [75]. 
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Abstract—Scanning probe microscopy (SPM) was used to measure directly the adhesion of individ- 
ual lactose particles to the surface of gelatin capsules employed in dry powder inhalant drug delivery 
systems. In this study, SPM shows that gelatin capsule surfaces with high surface heterogeneity and 
high-contrast friction exhibit high adhesion and that gelatin capsule surfaces with low surface hetero- 
geneity and low-contrast friction exhibit low adhesion. The adhesion of lactose particles to gelatin 
capsules was also determined by measuring the retention of lactose particles in the capsules. The 
adhesion trend obtained with individual lactose particles using the colloidal probe technique agrees 
with the macroscopic retention results. The adhesion appears to be proportional to the particle size for 
homogeneous capsule surfaces. In dry powder inhalation products, the Lifshitz-van der Waals forces 
and acid—base interactions appear to be the principal forces contributing to particle—surface adhesion. 
The physicochemical nature of the capsule surface seems to dictate the spatial variation of adhesion 
across the surface. The SPM results clearly show that the surface physicochemical properties depend 
on the gelatin and mold release agent utilized in the manufacture of gelatin capsules. One of the practi- 
cal implications of this study is that extraneous surface contamination of gelatin capsules by chemical 
processing aids such as mold release agents appears to be a key factor affecting the respirable fraction 
in dry powder inhalation products. 


Keywords: Adhesion; atomic force microscopy; colloidal probe; friction imaging; lactose; gelatin 
capsule; particle—surface adhesion; pharmaceutical inhalation products; scanning probe microscopy. 


1. INTRODUCTION 


In a dry powder inhaler (DPI), an inhalation powder typically consisting of 
micronized drug and carrier particles (usually a sugar such as lactose) is inhaled 
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from a gelatin capsule in the form of a dry powder dispersion in air. The carrier 
is incorporated into the formulation because coarser carrier particles are typically 
more free flowing, thereby contributing to ease of handling during manufacture and 
improving emptying from the capsule during inhalation [1]. It has also been found 
that the use of carrier particles significantly improves the mass of drug particles in 
the respirable range (respirable fraction) in some inhaler devices [2]. 

In order for the full potential of DPIs to be realized, it is essential to obtain 
high performance in terms of the reproducibility and efficacy of the drug respirable 
fraction. In this type of drug delivery system, the surface properties of the various 
components of both the powder formulation and the gelatin capsules, as well as 
environmental conditions, govern the physical properties of the aerosol cloud during 
inhalation. An improved fundamental understanding of particle adhesion to solid 
surfaces and to other particles is essential for enhanced control of the aerosol 
properties and, therefore, the respirable fraction. 

A significant amount of research attempting to evaluate the adhesion forces 
between particles and solid surfaces has been performed over the years [3, 4]. For 
example, a number of experimental techniques based on the detachment of particles 
from surfaces have been utilized for measuring adhesion: centrifugal [5-9], impact 
separation [10-12], aerodynamic [5, 13, 14], and cantilever beam [15] methods. 
While very useful, these methods provide only limited insight into microscopic 
details which are needed for an improved understanding of the factors influencing 
particle adhesion and removal. 

More fundamental methods of evaluating adhesion have become available with 
the advent of new sophisticated techniques capable of investigating the physic- 
ochemical nature of surfaces. One powerful tool is scanning probe microscopy 
(SPM), which can be used to obtain nanoscale images of a surface, based on the 
physicochemical interaction of a scanning probe with a surface [16], and to mea- 
sure directly the interaction (or adhesion) forces between an individual particle and 
a solid surface by using the colloidal probe technique [17-20]. In addition to topo- 
graphic imaging, SPM can be operated in lateral force microscopy (LFM) mode to 
yield maps of surfaces that indicate the friction interactions with a scanning probe. 
If the magnitude of the friction force is compared only with that of the adhesion 
force (or energy), friction and adhesion are not generally related; however, recent 
experiments with the surface forces apparatus (SFA) technique have shown that the 
(kinetic) friction force correlates with the hysteretic or irreversible component of the 
adhesion energy [21, 22]. Furthermore, the humidity of the ambient environment 
can significantly influence both adhesion and friction forces [21], and therefore the 
relative humidity (RH) must be controlled in friction and adhesion measurements. 

Recently, there has been considerable interest in the surface characterization 
of gelatin films. The topographic nanostructure of gelatin surfaces has been 
investigated using SPM [23-25]. The topographic and friction characteristics of 
gelatin films of different physicochemical and mechanical properties have also been 
examined by SPM [26-28]. The viscoelastic deformation induced by a cantilever 
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tip in a gelatin film has been studied by force modulation and LFM techniques [29]. 
In addition, microindentation measurements have been performed on gelatin films 
using a spherical indenter [30]. Furthermore, the adhesion of surface chemically 
characterized solids to gelatin surfaces has been evaluated by Lavielle et al. [31]. 

In this paper, we report direct adhesion measurements of individual lactose 
particles to gelatin capsule surfaces using SPM by employing the colloidal probe 
technique. Furthermore, the adhesion of lactose particles is correlated with the 
surface physicochemical variation observed by friction imaging of the capsule 
surfaces. To our knowledge, this is the first time that this approach has been used 
to characterize the adhesion of pharmaceutical particles to gelatin capsule surfaces 
under controlled conditions. Particle retention studies are also presented and reveal 
that the adhesion trend observed using the colloidal probe technique is in general 
agreement with the independently measured retention of lactose particles in gelatin 
capsules. This successful application of SPM techniques likely opens a new era 
of critical analysis of the performance of pharmaceutical dry powder inhalation 
products from the perspective of surface and colloid science. 


2. EXPERIMENTAL 
2.1. Materials 


Pharmaceutical grade lactose monohydrate (Pharmatose 200M) was obtained from 
De Melkindustrie, Veghel, The Netherlands. Hard gelatin capsules of commercial 
origin were employed in this study. The capsule samples are designated as follows: 
72601, 29625, and 29625ext, which was the same as 29625 but was subsequently 
extracted by a proprietary process. 


2.2. Scanning probe microscopy 


A Nanoscope III MultiMode™ SPM (Digital Instruments, Santa Barbara, CA, 
USA) with an extender electronics module was mounted on a pneumatic vibration 
isolation table. The sample chamber was enclosed with a Humplug (BioForce 
Laboratory, Santa Barbara, CA, USA) with accommodation for the cantilever holder 
handle and an internal humidity /temperature sensor with digital readout. The RH in 
the SPM sample chamber was controlled to within + 2% using a humidity generator 
(Model RH1500, VTI, Miami, FL, USA). 

The SPM was equipped with a J vertical scanner with scan size 125 x 125 wm 
and vertical range 5 zm. Cantilevers (of nominal 0.58 N/m spring constant) with 
silicon nitride tips were used for both imaging and adhesion measurements. The 
force—distance measurements were performed at a vertical scan rate of 6.5 m/s 
and a loading force of approximately 6 nN. The scan rate employed in the colloidal 
probe measurements is about the same as that used by Hoh and Engel [32], which is 
significantly below the rate reported to cause oscillation in air at the pull-off point. 
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Figure 1. Typical lactose particle— gelatin capsule force curve. 


All gelatin capsule samples and lactose colloidal probes were equilibrated for at 
least overnight at 50% RH in Pyrex containers and then in the humidity-controlled 
SPM sample chamber for at least 1 h before measurements. The contact force used 
for imaging was minimized to the extent (< 2 nN) that the tip would not lose contact 
with the surface during scanning due to drift. Different areas on capsule samples 
prepared from multiple gelatin capsules were examined to verify that the surface 
physicochemical nature and adhesion characteristics presented are representative. 

A typical force curve reflecting the interactions experienced between the lactose 
probe and the gelatin sample during approach, contact, and separation of the two 
surfaces is shown in Fig. 1. The change in cantilever deflection (Ad) at pull-off 
may be used with the effective spring constant (k) of the cantilever and Hooke’s 
law (F = k x Ad) to calculate the adhesion force between the probe and the 
sample. However, when a large range of adhesion forces is obtained using a single 
cantilever, the complete deflection of the cantilever is often not evident. Therefore, 
the adhesion force was calculated based on the horizontal distance (Az) between 
the point at which the probe crosses the zero deflection line upon retraction and 
the point at which the probe pulls free of the surface. Essentially a right triangle 
forms between Az and the negative portion of the force curve which results upon 
retraction, as can be seen in Fig. 1. 


2.3. Capsule sample preparation 


The preparation of the gelatin capsule samples was performed in a laminar flow 
hood to minimize extraneous contamination. The gelatin capsules were sectioned 
using a scalpel to obtain 5mm x 5 mm samples. The inside surface of the capsule, 
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Figure 2. Apparatus for colloidal probe preparation. 


which comes into contact with pharmaceutical formulations, was mounted face up 
on an epoxy adhesive-coated glass slide. While the epoxy adhesive was allowed to 
set, the capsule sample was maintained essentially flat using a custom-made Teflon 
clamp which avoided contact with the gelatin sample where imaging and adhesion 
measurements were to be performed. 


2.4. Colloidal probe preparation 


A lactose particle was attached to a silicon nitride tip as follows: briefly, two clean 
ultrafine wires were attached to an XYZ-translation stage for micromanipulation of 
the adhesive and colloidal particle as illustrated in Fig. 2. The first wire was used 
to obtain and deposit a small amount of adhesive onto the end of the cantilever tip 
where the probe particle was to be attached. The other wire was then used to pick 
up and attach a selected particle onto the cantilever tip. Figure 3 shows a typical 
lactose particle mounted onto a cantilever. 


2.5. Particle retention measurements 


The particle retention characteristics of gelatin capsules were assessed by two 
approaches. The first method measured the retention when a given amount of 
lactose particles was added to, mixed, and emptied from gelatin capsules. The 
second method was an attempt to simulate the re-dispersion of lactose particles 
from the gelatin capsule during usage of a DPI device. 

Particle retention in gelatin capsules was evaluated under controlled humidity con- 
ditions. Each capsule was weighed before and after the addition of approximately 
45 mg of lactose and shaken ten times each in the horizontal and vertical directions. 
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Figure 3. Lactose particle mounted onto a silicon nitride cantilever. 


Next, the capsule was opened, vigorously emptied, and reweighed, and then the 
weight percentage of powder retained was determined. 

Particle retention on planar capsule surfaces was investigated upon controlled 
application of a nitrogen gas stream. Lactose particles were dispersed on a capsule 
sample prepared as described previously; any loose particles were gently shaken 
from the capsule surface; and the particle distribution on the capsule sample was 
examined under the optical microscope of the SPM apparatus. The capsule sample 
was then mounted in front of a nozzle from which nitrogen gas flowed parallel to 
and across the capsule surface, resulting in a drag force on the particles. After each 
incremental increase of the gas flow rate, the retention of lactose particles on the 
capsule surface was evaluated by optical microscopy. 


3. RESULTS AND DISCUSSION 


Direct adhesion measurements of individual lactose particles to gelatin capsule 
surfaces were performed at 50% RH. This RH was selected for study as being 
representative of the ‘water activity’ that tends to be in the range of 40-60% RH 
in packaged (sealed) dry powder inhalation products (unpublished results). The 
adhesion of a lactose particle was measured 50 times at a single location on a 
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capsule surface to examine the reproducibility of the adhesion measurements. Next, 
the adhesion was measured ten times per location while the lactose particle was 
translated laterally across the surface at 1-jm intervals to provide an indication of 
the intrinsic site-to-site variability of the adhesion characteristics. The ten adhesion 
measurements at each location were averaged to yield an adhesion profile over a 
50-j4m scan length across the capsule surface. Figure 4 shows both the stationary 
and the scanned adhesion of a 6-m lactose particle to the surface of gelatin 
capsules 72601, 29625, and 29625ext plotted as a function of the contact number 
and distance. In addition, the adhesion forces for three different lactose (probe) 
particles on the three above-referenced capsule surfaces, as well as the overall 
average adhesion values, are summarized in Table 1. 

The standard deviation associated with the direct measurement of the adhesion 
force between a lactose particle and a gelatin capsule surface is only about + 3 nN 
on the basis of the adhesion measurements at a single location. This is not 
too surprising since inspection of Fig. 4 reveals that there does not appear to 
be any appreciable change in the adhesion force with the number of contacts, 
thereby indicating that repetitive contact does not induce significant capsule sample 
(or lactose particle) alteration or damage. However, upon scanning, the scatter 
(standard deviation) in the adhesion force is observed to increase by a factor of 
ca. 2-30 depending on the particular combination of gelatin capsule and lactose 
particle, as can be seen from Table 1. The increased scatter is most likely due 
to spatial variations in the surface properties such as the chemical (composition), 
physical (topography), and mechanical (elasticity) properties of the gelatin capsule 
surfaces. 

The adhesion profile can be markedly different depending on the source of 
commercial gelatin capsules, as can be seen in Fig. 4. For example, compare 
the adhesion profiles for gelatin capsules 72601 and 29625 which are illustrated 
in Figs 4a and 4b, respectively. In the case of gelatin capsule 72601, the adhesion of 
a lactose particle across the capsule surface is relatively uniform compared with the 
adhesion profile for capsule 29625. It can be seen that the adhesion force between 
a lactose particle and the surface of gelatin capsule 72601 is lower than that for 
capsule 29625. Furthermore, as shown in Fig. 4c, the adhesion characteristics, 
namely, the adhesion force and its spatial variation, for lactose particles on gelatin 
capsule 29625ext are very similar to those for lactose particles on capsule 72601. 
On the basis of Table 1, the apparent order of adhesion is as follows: 29625ext < 
72601 < 29625. 

The adhesion force between a lactose particle and a gelatin capsule surface is 
affected by a number of factors, not the least of which are the surface properties of 
the two solids, the particle size, and the RH of the ambient environment. In practice, 
van der Waals, electrostatic, and capillary forces usually play an important role in 
the adhesion of particles to surfaces [33, 34]. Upon contact of a particle with a 
solid surface, deformation of the particle and/or surface occurs due to surface force- 
induced stresses, such that the contact area, and hence the particle—surface adhesion 
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Figure 4. Adhesion of a single lactose particle (6 zm) to the surfaces of gelatin capsules (a) 72601, 
(b) 29625, and (c) 29625ext. (©) Adhesion at a single location and (CG) average adhesion of ten 
separate measurements at multiple locations. 


force, increases [35, 36]. The extent and nature of the adhesion-induced (elastic, 
viscoelastic, and plastic) deformation depends on the strength of the interaction 
forces and the mechanical properties of the contacting materials [37, 38]. The 
adhesion and removal of particles to and from solid surfaces is further complicated 
by the shape and surface asperities of particles [11], the surface roughness of 
the substrate [12, 15], as well as the initial applied load [19], contact time [38], 
temperature [39], and cohesive strength of the particle and solid substrate. 
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Table 1. 
Adhesion of lactose particles to gelatin capsule surfaces® 


Capsule Probe 1 Probe 2 Probe 3 Average? 
(5 pm) (15 um) (6 um) 

72601 4646 151425 912417 96 + 47 

29625 146 + 42 287 + 48 268 + 95 234491 

29625ext 4348 160 + 43 80 + 10 94455 


° Adhesion force + standard deviation (nN). Measurements were performed at 50% RH. 
b Average of all measurements (1500 total) for the three probes, 


The presence of water vapor in the ambient atmosphere can affect the adhesion 
of particles to solid surfaces in several ways. For example, it is well known that 
an adsorbed water film can aid in the dissipation of electrical charges on solid 
surfaces [40]. In the absence of electrical charge effects, however, there is usually 
an increase in the adhesion tendency of a particle to a surface with an increase in 
RH [15, 41, 42]. Under high humidity conditions, a liquid film can also form by 
capillary condensation of water around contacting surfaces [43], and the resulting 
capillary force can make a large contribution to the total force of adhesion [34]. 
The actual RH at which capillary bridges form also depends on the nature of the 
particle—surface system [44], but rather than considering the overall curvature of 
the particle in contact with a flat surface, the more relevant curvatures are the local 
radii of the contacting microasperities [45]. In addition, the presence of moisture 
may soften the surface of the particle and/or solid substrate due to water sorption, 
and the surface force-induced deformation, once again, increases the contact area 
and consequently the adhesion force [8]. 

In an attempt to identify the nature of the adhesion forces between lactose particles 
and gelatin capsule surfaces under the conditions of this study, direct adhesion 
measurements were performed with several lactose particles of different sizes. 
Figure 5 shows that the adhesion force appears to be directly proportional to the 
size (nominal diameter) of the lactose particle for gelatin capsule 72601. The 
observed linear trend is consistent with the view that the dominant component 
of the total adhesion force, on the basis of theoretical considerations for the 
interaction between a sphere and flat surface, arises from van der Waals forces [45]. 
However, when one considers the surface chemistry of the component materials 
in pharmaceutical products, it seems more appropriate that the principal forces 
contributing to particle—surface adhesion can be classified as Lifshitz—van der 
Waals forces [46, 47] and acid—base interactions [47—49]. The results of the 
adhesion force measurements can be explained by an increase in the molecular 
contact area with increasing particle size, since the number of real contacts will 
usually be proportional to the size of a rough particle [45]. On the other hand, if 
electrostatic forces of interaction were to predominate in the lactose particle— gelatin 
capsule system, the measured adhesion force likely would not exhibit a linear 
variation with particle size [45]. Furthermore, capillary interactions are not believed 
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Figure 5. Adhesion force between lactose particles and the surfaces of gelatin capsules (O) 72601, 
(C) 29625, and (A) 29625ext as a function of the particle size. Least-squares fit for (—) 72601 and 
(- - -) 29625ext. 


to play a significant role since the RH was below 65% [41]. This is supported 
by preliminary experiments of the effect of RH on the adhesion measurements of 
individual lactose particles to thin gelatin films which show that the adhesion force 
at 50% RH does not differ appreciably from that obtained under ‘dry’ conditions. 

As shown in Fig. 5, however, the linear increase in adhesion force with respect 
to particle size was not observed for gelatin capsule 29625. One interpretation for 
the nonlinear trend is that the physicochemical nature of this capsule surface is not 
uniform. Indeed, the adhesion force measurements shown in Fig. 4b indicate that 
there is a significant surface heterogeneity associated with capsule 29625. This 
heterogeneity is probably due, in large part, to the presence of contaminants on the 
gelatin capsule surface. Therefore, gelatin capsule 29625 was extracted to learn 
to what extent the removal of (presumed) extraneous surface contaminants would 
impact the adhesion profile. As might be expected, the adhesion profile for capsule 
29625ext, which is illustrated in Fig. 4c, shows that the surface heterogeneity is 
greatly reduced, and the plot of the adhesion force versus particle size is now linear 
as evident in Fig. 5. 

The direct adhesion measurements of individual lactose particles to gelatin 
capsule surfaces clearly indicate the need for investigating the physicochemical 
nature of the capsule surfaces. Thus, the lateral force microscopy (LFM) mode 
was used to obtain simultaneously images of the gelatin capsules that show the 
topographic features and the friction interactions with the cantilever tip. LFM is an 
extension of contact mode imaging, and it identifies and maps relative differences 
in surface frictional characteristics in response to the torsion or twisting of the 
cantilever as the tip is scanned perpendicularly to the length of the cantilever. LFM 
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can be extremely useful for identifying surface composition differences and/or 
surface contamination where the materials have different friction characteristics and 
the topography is relatively invariant. 

The representative SPM images which are presented in this paper illustrate the 
complexity and variability of the surface of gelatin capsules. Figure 6 shows height 
(constant force mode) and friction images of gelatin capsules 72601, 29625, and 
29625ext. The friction image, which results upon subtraction of the re-trace scan 
image from the trace scan image, portrays the friction contrast more clearly by 
eliminating a large degree of friction artifacts arising from topographic effects. Both 
types of images are displayed in shades of gray. In the height images, the highest 
topographic features are the brightest. In the difference friction images (hereafter 
referred to as friction images), the areas where the greatest friction forces occur are 
the brightest. 

Figure 6a shows that the surface topography of capsule 72601 consists of a com- 
plex network of fibrillar structures and many very small ‘craters’ of approximately 
200 nm in diameter. The friction image, shown in Fig. 6b, reveals that the majority 
of the surface of capsule 72601 exhibits essentially uniform friction. The observed 
friction artifacts, which are identified by comparing areas of abrupt change in sur- 
face topography, are associated with the craters. These artifacts are the result of 
an increase (or decrease) in frictional drag on the cantilever tip upon ascending (or 
descending) a marked topographic slope [26]. A more detailed investigation is in 
progress to elucidate the physicochemical nature of the features of the craters. The 
SPM images shown in Figs 6a and 6b are significant in that topographically smooth 
areas of the capsule exhibit undifferentiated friction. 

Figure 6c shows that the topography of the surface of gelatin capsule 29625 is 
extremely heterogeneous with respect to the size and occurrence of the craters. The 
craters range in size from approximately 0.2 4m to 5 wm. However, craters up 
to about 10 zm in diameter have been observed in other height images of capsule 
29625. Furthermore, the fibrillar structures observed in the height images of capsule 
72601 are not present. The friction image shown in Fig. 6d reveals extremely 
nonuniform friction. Three relatively distinct levels of friction force can be seen 
in this image. The majority of the capsule surface exhibits low friction, which 
is presumably due to the mold release agent used in the capsule manufacturing 
process. One distinct region of intermediate friction is observed, and high friction 
areas are also present, many of which appear as streaks on the surface. 

The height image of capsule 29625ext is topographically similar to that of capsule 
29625 (unextracted), as can be seen in Fig. 6e. However, the friction image shown 
in Fig. 6f appears distinctly uniform compared with that of the unextracted capsule. 
There is no discernible friction contrast on the surface of the extracted capsule. This 
clearly indicates that extraction of the gelatin capsule has resulted in a significant 
change in the physicochemical nature of the capsule surface. 

Capsules 72601 and 29625, as mentioned earlier, were obtained from different 
commercial sources. It is common practice in the manufacturing process of hard 
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Figure 6. Height images of gelatin capsules (a) 72601, (c) 29625, and (e) 29625ext, and friction 
images of gelatin capsules (b) 72601, (d) 29625, and (f) 2962Sext. The height and friction images 
were collected simultaneously. The scanning region is 25 x 25 wm, and the z contrast range is 400 nm. 
Higher pixel brightness corresponds to higher elevation or friction force. 
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gelatin capsules for a lubricant or release agent to be applied to stainless steel pins 
to enable the gelatin shells, which form after dipping and withdrawal of the pin bar 
from gelatin solutions, to be stripped from the mold pins [50]. ESCA analysis (data 
not shown) indicates that a small amount of mold release agent remains on the inner 
surface of the gelatin capsules after their manufacture. As can be seen in Fig. 6d, 
it appears that the mold release agent employed does not wet the entire surface of 
capsule 29625. The spatial variation in friction force correlates with that of the 
adhesion force as shown in Fig. 4b. In a separate preliminary study, an attempt 
was made to spread the mold release agent used for capsule 29625 on pure gelatin 
films. The mold release agent was observed to exhibit similar behavior; namely, it 
did not wet the gelatin surface and it exhibited a lower friction relative to the gelatin 
surface. On the other hand, the mold release agent utilized for capsule 72601 seems 
to wet the capsule surface, since an essentially uniform friction force (Fig. 6b) 
and a relatively constant adhesion force between the lactose particle and capsule 
surface (Fig. 4a) are observed. This suggests that the mold release agent used for 
capsule 72601 is not the same as that employed for capsule 29625. In addition, 
gelatin capsule 29625ext appears to exhibit uniform friction (Fig. 6f) and relatively 
constant adhesion between the lactose particle and capsule surface (Fig. 4c), thereby 
indicating that the extraction process has removed a significant amount of mold 
release agent. A more detailed SPM study is underway to examine the spatial 
distribution and physicochemical characteristics of the mold release agent that is 
present on the surface of gelatin capsules. 

The statistical method developed by Beebe and co-workers [51, 52] for deter- 
mining the force of a single chemical bond between a cantilever tip and a sample 
surface was extended to the analysis of the adhesion force between a lactose par- 
ticle and a gelatin capsule surface. The method is based on the assumption that 
the total adhesion (pull-off) force is the sum of discrete bond or interaction forces. 
Multiple adhesion force measurements should then follow a Poisson distribution, so 
that a plot of the force variance versus the mean force should be linear with a slope 
which corresponds to the individual bond force and a zero intercept. If nonspecific 
long-range forces such as those which occur in colloidal systems are present, then 
the intercept will be negative. Furthermore, if the discrete bond force is not con- 
stant due to varying bond position and orientation or varying chemical composition, 
there will be curvature in the plot of the variance versus mean force. This method 
utilizes the natural variability in the tip (or colloidal particle) and sample surface 
asperities, and it does not require a priori assumptions of the tip (or particle) radius 
or knowledge of the tip (or particle)—sample surface contact area. 

Figure 7 shows plots of the adhesion force variance versus the mean adhesion 
force obtained using the adhesion data for the three lactose particle— gelatin capsule 
systems employed in this study. For gelatin capsules 72601 and 2962Sext, a linear 
relationship between the variance and mean force is observed, thereby suggesting 
a single bond-rupture process, rather than a sequential breakage of bonds between 
lactose particles and homogeneous capsule surfaces, which can also be inferred 
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Figure 7. Adhesion force variance versus mean adhesion force for lactose particles of different sizes 
on the surfaces of gelatin capsules (a) 72601, (b) 29625, and (c) 29625ext. 


from the sharp pull-off of the lactose particle from the solid surface as shown 
in Fig. 1. Furthermore, the linear plots of the variance versus the mean force 
indicate that the surfaces of gelatin capsules 72601 and 29625ext are homogeneous, 
or that the surface composition of the two gelatin capsules is uniform at the 
resolution of the colloidal probe measurements. In the case of capsule 29625, 
however, the nonlinear behavior of the variance versus mean force plot is simply 
a manifestation of the heterogeneous nature of the capsule surface, as can be seen 
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Table 2. 
Retention of lactose particles in gelatin capsules® 


Capsule Lot 1 Lot 2 Lot 3 Lot 4 Average? 
72601 0.02 + 0.02 0.16 + 0.15 0.05 + 0.05 0.24 + 0.16 0.12 + 0.35 
29625 7.57 + 0.85 5.76 + 0.60 7.00 + 0.61 5.88 + 0.92 6.55 + 2.19 


29625ext 1.67 + 0.76 0.22 + 0.10 0.87 + 0.27 0.92 + 0.27 0.92 + 1.40 


“ Weight percent + standard deviation (wt%). Average of ten runs. 
b Average of all measurements (40 total) for the four lots. 
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Figure 8. Retention of lactose particles on the surfaces of gelatin capsules (CQ) 72601, (O) 29625, and 
(A) 29625ext with pressure of the nitrogen gas stream. 


from the scanning adhesion force measurements (Fig. 4b) and friction force image 
(Fig. 6d). Although the surfaces of gelatin capsules 72601 and 29625ext appear to 
be uniform, the question of the spatial variation of the surface-chemical composition 
at the nanometer scale of resolution remains for future study. These results show that 
the statistical method holds significant promise to obtain quantitative information 
on the nature and magnitude of bond-rupture forces (and ultimately bond energies) 
from absolute adhesion force measurements using colloidal particles of different 
sizes on homogeneous solid surfaces which are relevant to dry powder inhalation 
products. 

The adhesion of lactose particles to gelatin capsule surfaces was also examined 
by measuring the retention of lactose particles. Two different approaches were 
employed. First, the retention was determined by measuring the retained amount 
of lactose particles in gelatin capsules. Table 2 shows that the order of retention 
is as follows: 72601 < 29625ext < 29625. The second approach was an attempt 
to simulate the re-dispersion of lactose particles from a gelatin capsule during the 
usage of a DPI device. Lactose particle retention on gelatin capsule samples was 
examined upon controlled application of a nitrogen gas stream. As can be seen from 
Fig. 8, the relative retention of lactose particles on the capsule surfaces is as follows: 


152 T. H. Ibrahim et al. 


29625ext < 72601 < 29625. Significantly, upon comparison of the results of both 
the microscopic adhesion and the macroscopic retention measurements, the same 
general trend was observed in the adhesion of lactose particles. 

The SPM results show that gelatin capsule 29625, which exhibits high-contrast 
friction, tends to have high adhesion, whereas gelatin capsules 72601 and 29625ext, 
which exhibit low-contrast friction, have low adhesion. The surfaces of capsules 
72601 and 29625ext also appear to be of relatively uniform friction, which is in 
accordance with the observed relatively constant adhesion. On the other hand, 
the nonuniform friction associated with capsule 29625 correlates with the observed 
spatial variation in adhesion. The implication is that the physicochemical nature of 
the capsule surface, which is dependent on the gelatin and mold release agent used 
in the capsule manufacturing process, is a crucial factor in the adhesion of lactose 
particles to gelatin capsule surfaces. Further systematic investigations are underway 
in our laboratory to provide a more complete basic understanding of the adhesion 
of pharmaceutical particles in dry powder inhalation products. 


4. CONCLUSIONS 


The SPM results show that scanning probe techniques can provide unique infor- 
mation on the adhesion interactions and surface physicochemical nature of phar- 
maceutical materials. The direct measurement of adhesion by use of the colloidal 
probe technique has provided new insights into the mechanisms of particle—surface 
adhesion in dry powder inhalation products. The microscopic measurements of the 
adhesion of individual lactose particles to the surface of gelatin capsules not only 
have shown the effect of surface chemistry on adhesion, but also correlate well with 
the macroscopic performance of a large population of particles such as the retention 
of lactose particles in gelatin capsules. In addition, SPM shows that the physico- 
chemical nature of the gelatin capsule surface, which depends on the gelatin and 
mold release agent utilized in the manufacture of commercial capsules, plays a crit- 
ical role in the adhesion of pharmaceutical particles. By an appropriate choice of 
gelatin capsules, one can enhance and control the respirable fraction in dry powder 
inhalation products. Furthermore, one can conclude that the particle—surface ad- 
hesion in pharmaceutical systems can be advantageously modified by appropriate 
surface treatment of the gelatin capsules and/or lactose carrier particles. 
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Analysis of atomic force microscopy data for deformable 
materials 


MARK W. RUTLAND *, JAMES W. G. TYRRELL and PHIL ATTARD * 
School of Chemistry F11, University of Sydney, Sydney, NSW 2006, Australia 


Abstract—A protocol for measuring the interaction, deformation and adhesion of soft polymeric 
substrates with the atomic force microscope (AFM) is described. The technique obtains the 
photodiode response of the AFM (constant compliance factor) by independent calibration against 
the rigid substrate adjacent to the deformable particle or patchy film. The zero of separation is taken 
as the end-point of the jump into contact. A method is given for correcting the velocity dependence 
of the piezodrive expansion factor, the neglect of which will cause artefacts in dynamic viscoelastic 
measurements. It is emphasised that conventional force curve analysis, which uses the apparently 
linear large force region for calibration, will generate erroneous results for deformable substrates. 
Results are obtained for cellulose particles and for polystyrene films, and their Young’s moduli are 
found to be 22 MPa and 100 MPa, respectively. The latter is about a factor of 30 less than for bulk 
polystyrene, which indicates that the polystyrene surface is in a less glassy state than the bulk. 


Keywords: Polystyrene; cellulose; deformable materials; atomic force microscopy; piezo-calibration. 


1, INTRODUCTION 


The atomic force microscope and other surface force devices have long been used to 
measure forces between rigid particles and surfaces, and they are being increasingly 
applied to soft objects (a review of the former is given in Ref. [1] and of the 
latter in Refs (2, 3]). In the deformable case two experimental issues must be 
addressed for the quantitative interpretation of the data, namely the determination 
of the zero of separation and the calibration of the electronic force measurement 
device. Unlike rigid surfaces, the gradual increase in the repulsive force between 
the surfaces and the consequent gradual increase in the deformation of the surfaces 
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prior to their coming into intimate contact, and also the fact that intimate contact 
is not marked by a sharp discontinuity in the slope of the force curve, mean that 
the precise location of the surface cannot be deduced immediately from the force 
curve. Further, increasing deformation with increasing applied load means that the 
deflection of the force measuring spring in the contact region is not equal to the 
distance moved by the driving piezocrystal, and thus it is not possible to convert the 
electronic signal to deflection or force. Theoretical calculations [4-6] have shown 
that the deformation is negligible in the large separation, weak force regime, and if 
the force law is known for rigid particles, then this fact can be used to establish 
the zero of separation. This procedure has been used to analyse Atomic Force 
Microscopy (AFM) measurements on poly(dimethylsiloxane) emulsion droplets 
[7, 8] and oil droplets [9] that interact with an electric double layer repulsion. A 
number of other proposals for establishing the zero of separation are reviewed in 
Ref. [7]. 

This paper reports AFM force measurements on a cellulose particle and on a 
polystyrene film in air and presents results for their surface elasticity. We explore 
the utility of using the van der Waals attraction to establish the zero of separation. 
The steepness of the van der Waals force, in principle, presents an advantage over 
the relatively slowly decaying electric double-layer repulsion used previously to 
determine the zero of separation [7-9]. In practice we find that the presence of 
adsorbed water films in air creates some uncertainty in this quantity. The calibration 
of the force measuring photodiode is performed here in situ by moving the cantilever 
off the particle or film and pressing against the adjacent hard substrate, as has been 
done previously for droplets [8, 10]. The calibration is a significant issue in this 
context because both cellulose [11-14] and polystyrene [15-18] have previously 
been the subject of force measurement, and in all these cases the calibration factor 
was taken to be the rate of change of the force measuring voltage with piezocrystal 
movement in the pseudo-linear regime. This assumes not only that the force curve 
is linear, but also that the increase in deformation of the particle is negligible. 
Here, it will be shown that the apparent linearity of the force curve cannot be 
used as a guide to the magnitude of the deformation of these materials and that the 
calibration factor so deduced differs significantly from the actual calibration factor 
of the device. The force curves produced by such procedures can be in significant 
error. Furthermore, in those viscoelastic materials where dynamic effects are of 
interest (2, 3, 6, 8, 18-22], velocity-dependent artefacts in the piezodrive can also 
lead to a misinterpretation of the results unless they are accounted for, as will also 
be shown. 


2. MATERIALS AND METHODS 


The polystyrene surface was prepared under an optical microscope (Olympus BH2) 
equipped with a heating stage. Pieces of silicon wafer were washed with ethanol 
(analytical grade), rinsed thoroughly with high-purity MilliQ water (Elga UHQ 
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purification system) and left to dry in a clean-room environment. On the surface 
of the silicon wafer was a native oxide layer from exposure to the atmosphere, and 
henceforth it will be referred to as the silica substrate. A droplet of an aqueous 
suspension containing 3 4m polystyrene spheres (Polysciences, USA) was placed 
on the silica substrate and subsequently heated. The liquid evaporated and the 
particles initially formed regions of crystalline arrays and subsequently melted to 
form smooth polystyrene films with well-defined borders. Scanning probe imaging 
of the film over an area of 1 zm? revealed a root mean square roughness of less than 
0.4 nm. The force measurements on polystyrene were carried out under ambient 
conditions of 17°C and 78% relative humidity. 

Cellulose particles [13] were attached to fragments of oxidised silicon wafer 
(approx. 1 cm?, supplied by Okmetic, Finland) with a high-melting-point adhesive 
(Epikote 100, Shell) as follows. The silica substrate was placed on a heating 
stage at a temperature above the adhesive melting point on the translation stage 
of a binocular microscope. Two etched tungsten wires were attached to an x-y-z 
micromanipulator (Narishige MN-151). With one of the wires tiny spots of adhesive 
(between 10-'° and 107!” J) were applied to the substrate in a predetermined 
pattern to aid recognition in the AFM. With the other wire cellulose particles of 
about 20 zm in diameter were placed onto the adhesive spots and the wafer was 
removed from the heating stage. For force measurements, particles were located 
under the AFM cantilever tip by manipulating the sample stage while monitoring 
it with a video microscope placed directly above the interaction zone. The force 
measurements on cellulose were carried out under ambient conditions of 26°C and 
31% relative humidity. 

Experimental data were acquired using a Nanoscope IIla AFM (Digital Instru- 
ments) employing a V-shaped silicon nitride cantilever. The spring constant was 
taken to be 0.58 N/m, which is the manufacturer’s nominal value, and no indepen- 
dent calibration was performed. A piezo-tube scanner (type E, Digital Instruments) 
with vertical (z) range 2.5 wm was used to drive the sample stage. Characterisation 
of the sample stage piezocrystal (i.e. movement versus applied voltage) was per- 
formed using an optical displacement sensor (model d20, Philtec, Annapolis, MD, 
USA) mounted directly above the sample piezocrystal [19]. The sensor utilises 
bundled optical fibres to transmit a divergent beam of light and to receive its re- 
flection, the intensity of which is proportional to the distance between the tip of the 
fibre bundle and the reflecting substrate, which in this study was a clean, polished 
piece of oxidised silicon wafer placed on the piezodrive. Conversion of reflected 
intensity to distance moved was accomplished using the manufacturer’s precali- 
brated response curve after the maximum response was set to the recommended 
value by means of the inbuilt gain adjustment. In these piezodrive characterisa- 
tions, which were independent of the force measurements, the AFM optical head 
was physically removed to improve displacement sensor access to the piezodrive, 
although the electrical connections were maintained to facilitate software control of 
the piezocrystal. Signals from the displacement sensor were logged on an auxil- 
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Figure 1. Sketch of the experimental geometry. The radius of the tip is R. The nominal separation is 
measured relative to the dashed line. The case of post-contact deformation due to a positive applied 
load is shown. For simplicity, the capillary condensate around the edge of the contact region is not 
shown. 


iary PC via 16-bit data acquisition hardware and interrogated using a graphical user 
interface (LabVIEW R6.0 graphical programming environment, National Instru- 
ments, North Ryde, NSW, Australia). The AFM and displacement probe apparatus 
were placed on an anti-vibration stage to attenuate external noise. 

A sketch of the experimental geometry is shown in Fig. 1 for the post-contact 
situation. Note that the radius of curvature of the end of the tip is much greater 
than the width of the tip. Note also that on this scale the undeformed cellulose 
particle and polystyrene film appear planar. In each experiment normal forces were 
obtained by ramping the lower surface towards the cantilever using a triangular 
wave without scanning in the lateral direction. Rates between 0.03 and 73 um/s 
were employed. In each experiment (cellulose particle and polystyrene), forces 
were first measured on a proximate region of the silica substrate, which enabled 
the photodiode voltage response to be calibrated as a cantilever deflection [8, 10]. 
For reasons discussed in detail below, this constant compliance calibration obtained 
from the tip—silica interactions was performed at the same rate as the subsequent 
force measurements on the soft substrate. In order to avoid nanoindentation, 
(irreversible plastic deformation), only small loads were applied so that the amount 
of flattening was less than 25 nm. It was confirmed that the forces measured upon 
approach and upon retraction were approximately coincident in the contact region, 
which indicates that the deformation was elastic and that no nanoindentation had 
occurred. 


3. RESULTS 
3.1. Effect of piezodrive speed 


The calibration factor, which converts the AFM photodiode output voltage to the 
cantilever deflection, is generally obtained in the so-called constant compliance 
regime, where the cantilever is in hard contact with the substrate that is being moved 
by the piezodrive. Figure 2 shows measurements of the calibration factor (V/nm) as 
a function of the drive speed (m/s) for a cantilever in hard contact with the silica 
substrate. Triangular waveforms for the drive signal were used with constant voltage 
amplitude and various frequencies. The drive speed was obtained by converting the 
voltage amplitude to a drive distance using the expansion coefficient obtained by 
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Figure 2. Speed dependence of the calibration factor for a tip in contact with a silica substrate. The 
same expansion coefficient has been used in all cases to convert the applied voltage to piezodrive 
displacement. 
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Figure 3. Measured total displacement of the piezodrive as a function of scan rate for a given applied 
voltage. The arrow indicates the nominal displacement expected from the original interferometric 
calibration. The straight line is a least-squares fit (R* = 0.80). 


a prior interferometric calibration (at a single velocity). It may be seen that the 
calibration factor depends upon the speed of the measurement, and that it decreases 
in magnitude monotonically by about 10% over the four decades increase in speed. 

The displacement of the piezodrive was measured directly using the displacement 
sensor. Figure 3 shows displacement versus scan rate at constant applied voltage 
amplitude. It can be seen that the displacement depends upon the frequency 
(equivalently speed), and that it decreases monotonically with increasing frequency. 
The change was about 10% over the range of frequencies studied. 
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3.2. Interaction and deformation of cellulose 


AFM measurements were performed for a cantilever tip interacting with a cellulose 
particle in air (Fig. 4). The particle was mounted on the silica substrate driven 
by the piezocrystal rather than the more common attachment to the cantilever tip. 
The force can be obtained by multiplying the deflection of the cantilever by the 
spring constant, 0.58 N/m. The AFM force measuring photodiode was calibrated 
by moving the cantilever off the particle and performing a force measurement for the 
cantilever tip interacting with the silica substrate. The calibration factor was found 
to be —0.191 V/nm. This calibration factor makes the linear, constant compliance 
region of the voltage versus displacement curve for silica vertical in the force versus 
separation plane (Fig. 4B), and this vertical portion was taken to define the zero of 
separation for the tip-rigid substrate, as is usual. 

The data for the tip interacting with the cellulose particle in Fig. 4 were obtained 
following the tip-silica measurements by aligning the particle beneath the cantilever 
using the lateral piezodrive and translator stage (i.e. without altering the optical path 
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Figure 4. Deflection of a cantilever (spring constant 0.58 N/m) for a tip in air interacting with a rigid 
silica substrate (crosses, 0.7 zm/s drive speed) or with a cellulose particle at driving speeds of 0.50 
(circles) and 1.51 (triangles) zm/s . (A) Jump into contact (dashed arrow). The curve is the van der 
Waals force F as a function of separation h, F(h) = AR/12(h — dy, using the water—air—water 
Hamaker constant, A = 3.7 x 10729 J [23], a fitted radius of curvature of the tip of 700 nm, and a 
fitted total water film thickness of d = 3.2 nm. (B) Post-contact deformation. The curve is a JKR 
calculation using a fitted E/(1 — v2) = 2.2 x 10’ Pa, the radius of curvature R = 700 nm, and a fitted 
surface energy, y = 1.2 mJ/m?. The retract data lie slightly below the approach data in each case. For 
clarity, only every fiftieth datum is plotted. 
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in the AFM). The cellulose force data were converted from photodiode voltage to 
deflection, and from displacement to separation, using the tip—silica photodiode 
calibration factor obtained adjacent to the particle (—0.191 V/mm). In Fig. 4B 
it can be seen for the cellulose that there is a well-defined constant compliance 
region (where deflection changes linearly with drive distance). This has a slope of 
—0.153 V/nm. The zero of separation for the cellulose was defined by shifting 
horizontally the cellulose-tip force-separation curve so that the first measured 
datum after the jump-into-contact occurred at zero separation (Fig. 4B). At positive 
separations there is an attractive force that causes the cantilever to jump into 
contact (Fig. 4A). The negative nominal separations in Fig. 4B signify the amounts 
of deformation or flattening of the cellulose, since the nominal separation is the 
separation between the surfaces as if they were rigid [4, 6]. There is a small amount 
of hysteresis evident for cellulose in Fig. 4B, with the retract curve lying beneath 
the approach curve. 

The adhesion (not shown), which is the maximum tension measured upon 
retraction, was 70 nN for both the tip—silica and the tip—cellulose cases. This was 
approximately independent of the speed of the retraction. 

Figure 4A includes the calculated van der Waals attraction prior to contact, 
F(h) = AR/12(h—d)*, where F is the force, h is the separation, A = 3.7 x 10-7°J 
is the Hamaker constant for water—air—water [23] and R is the radius of curvature 
of the tip. Both R and d were used as fitting parameters. This equation assumes 
that there are water films present on the tip and the substrate of total thickness d. 
Figure 4B includes the JKR theory [24] for the force versus deformation. The 
radius obtained in the precontact data was used in the JKR theory, and the 
Young’s modulus, which changes the slope, and the surface energy, which shifts 
the curve vertically, were used as fitting parameters. The influence of the capillary 
condensate, which would mainly shift the curve vertically, was not accounted for in 
the JKR theory (cf. Ref. [25]). 


3.3. Interaction and deformation of polystyrene 


AFM measurements were made on a tip interacting with a polystyrene film in 
air (Fig. 5). The photodiode calibration factor (—0.230 V/nm) was measured by 
pressing the tip against the silica substrate on an adjacent bare patch in the film. 
This differs from the calibration factor used for cellulose (—0.191 V/nm) due to 
the experiments being performed on different days with different mirror angles and 
hence optical paths. The same cantilever as for the data in Fig. 4 was used, and hence 
the spring constant was again 0.58 N/m. The zero of separation for the polystyrene 
film was established by horizontally shifting the curve so that the first point after 
the jump into contact coincided with the zero of separation for the tip—silica curve. 
Prior to contact an attractive force acts that either is smaller in magnitude or else 
is shifted to smaller separations for polystyrene than for silica. A linear constant 
compliance regime can be seen in the polystyrene post-contact data (Fig. 5B), with 
a slope of —0.212 V/nm. 
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Figure 5. As Fig. 4, but for approach to silica (crosses, 0.03 jzm/s drive speed) and to a polystyrene 
film at a driving speed of 0.09 (circles) and of 25.2 (triangles) m/s. (A) Jump into contact. The van 
der Waals curve has parameters A = 3.7 x 10-20 J [23], a fitted R = 700 nm, and fitted d = 6 nm 
(silica) and fitted d = 4.5 nm (polystyrene). (B) Post-contact deformation. The JKR curve (obscured) 
has fitted E/(1 ~ v2) = 1 x 108 Pa, R = 700 nm and fitted y = 1.5 mJ/m?. 


Van der Waals forces were fitted to the pre-contact attraction by fitting a total 
water film of d = 6 nm for silica and d = 4.5 nm for polystyrene. The same radius 
of curvature of the tip as found from the fit in Fig. 4 fitted the pre-contact data when 
the water—air-water Hamaker constant was used. A JKR fit was also made to the 
post-contact deformation in the case of polystyrene by fixing the radius of curvature 
of the tip and fitting Young’s modulus and the surface energy. 

In the contact region, the retract data for polystyrene were virtually coincident 
with the approach data and are not shown in Fig. 5. The adhesion was 244 nN for 
the tip—silica and 203 nN for the tip—polystyrene experiments. 


4, INTERPRETATION AND DISCUSSION 
4.1. Speed effects 


The speed-dependence of the calibration factor measured in Fig. 2 arises from 
a change in the expansion (i.e. displacement) of the piezodrive with speed. This 
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follows because the change in photodiode voltage is linearly proportional to change 
in deflection of the cantilever tip, which, for the hard substrate, is equal to the 
distance the piezo-drive moves. Since the data in Fig. 2 were obtained using 
a constant amplitude voltage applied to the piezo-drive, this indicates that the 
expansion factor itself must be changing. This conclusion is confirmed and 
quantified by the direct measurements reported in Fig. 3, which show a change 
in the total expansion with scan rate (equivalently speed), again for a constant 
amplitude applied voltage. The speed dependence arises from the nonlinearities 
and hysteresis in the piezo-drive. In the absence of a displacement sensor such as 
the one used in Fig. 3, it is difficult to account for these artefacts, and commonly 
in AFM measurements a single expansion coefficient for the piezo-crystal is used 
to describe motion along the z-axis. Even when hysteresis effects are taken into 
account by the application of the manufacturer’s preprogrammed polynomial curve, 
which attempts to describe the actual piezo-drive movement, the full expansion is 
overestimated at high speeds. 

The speed dependence of the expansion factor can be substantial; neglecting it can 
introduce errors, particularly if one is seeking to measure the viscoelastic properties 
of soft samples. Depending on the stiffness of the sample, this change with speed 
can be of the same order as the change in slope due to deformation. In the present 
case of polystyrene, Fig. 5B shows that the results at a speed of 0.09 ywm/s are 
coincident with those obtained at 25.2 m/s when the correct calibration factor and 
expansion coefficients are used. From this, one can conclude that on this scale the 
polystyrene deformation is elastic rather than viscoelastic. However, if one were 
to use a single expansion factor, the force curves in contact would differ from 
each other and the apparent speed-dependence would be wrongly interpreted as 
viscoelastic deformation. 

The quantitative measurements of the expansion of the piezocrystal in Fig. 3 
shows that the amount of expansion decreases with increasing speed (scan rate, 
Hz). This is consistent with the results in Fig. 2, where the magnitude of the 
calibration factor decreases with increasing speed. In Fig. 3 the displacement is 
approximately linear on the logarithmic scale, (z — zo) /zo = —r log,9(v/vo), where 
z is the displacement, v is the speed, the subscript 0 denotes a canonical case and 
r is the proportionality constant. The decrease of about 45 nm for each order of 
magnitude change in speed corresponds to r = 2.4% change in the displacement 
per decade. The data in Fig. 2 are also approximately linear on the logarithmic 
scale, corresponding to r = 2.7% change in the calibration factor per decade of 
speed. 

On the basis of these results, we have developed a practical protocol for perform- 
ing dynamic measurements. Most AFM systems do not have a displacement sensor 
for directly measuring the expansion factor of the piezodrive on the z-axis. It may 
be both impractical and tedious to carry out an interferometric calibration as a func- 
tion of drive speed. Instead the following protocol may be implemented. Let a(v) 
be the expansion factor measured (interferometrically) at a single speed v, so that 
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Az(v) = a(v)AV,, is the change in piezodrive position due to the change in applied 
voltage AV,p,. Let AZnom(v’) = a(v)AV,, be the nominal expansion at a different 
speed v’, and let Brom(v’) = AVpa/AZnom(v’) be the nominal photodiode calibration 
factor at this speed, which is measured in the usual way by pressing the cantilever 
tip against the hard substrate. Since the correct calibration factor must be indepen- 
dent of speed, B(v’) = B(v), the correct expansion factor at the relevant speed can 
be obtained from the ratio of the measured quantities 


a(u') = a(v)Bnom(v’)/B(v). (1) 


This expansion factor is used to obtain the correct displacement of the piezodrive 
at the speed of the measurement, and this should be used to analyse the data 
in conjunction with the correct calibration factor B(v’) = B(v). The nominal 
calibration factor that is required for this correction must be obtained by pressing 
the cantilever against the hard substrate adjacent to the soft particle or film and at 
the same nominal speed as each of the subsequent measurements on the soft matter. 


4.2, Water films 


The van der Waals attractions fitted in Figs 4 and 5 included a parameter represent- 
ing the total thickness of the water films assumed present on both surfaces. The data 
in Fig. 4 were obtained when the relative humidity was 31% and that in Fig. 5 when 
the relative humidity was 78%. In the case of Fig. 4A, the tip jumped into contact 
with the silica substrate from a separation of 5.5 nm to a separation of 0.82 nm, a 
jump of 4.7 nm. This distance is much larger than expected for a van der Waals 
jump between the solids. However, water is known to condense on hydrophilic sub- 
strates [26, 27], and contact with the tip has been shown to facilitate the deposition 
of water and to lead to long-lived, locally thickened films that can be measured on 
subsequent approaches; Xu et al. [26] report induced droplets 15 nm in height and 
1 zm in radius with lifetimes of the order of minutes. If it is assumed that there is a 
water film on both surfaces of total thickness 3.2 nm, then quite a good description 
of the prejump data can be obtained using the water—air-water Hamaker constant, 
A = 3.7 x 10~*° J [23], and fitting a radius of curvature of the tip of 700 nm (if the 
Hamaker constant were doubled, on the grounds that the solids underlying the water 
films also contribute, then the radius of curvature would be reduced by a factor of 
two). The coincidence of the prejump data for the tip—silica and tip—cellulose inter- 
actions supports the assumption that the van der Waals force is due to the interaction 
of water films in both cases, since the van der Waals interaction of the bare solids 
would differ from each other. 

A value of R = 700 nm is not unreasonable for a worn tip, since there is no direct 
relation between the radius of curvature of the tip and the width of the tip itself. 
Provided that the interaction pressure becomes negligible by the edge of the curved 
region of the tip, the Derjaguin approximation will remain quantitatively accurate 
for the analysis of the forces. For an introduction to surface forces, Hamaker 
constants and the Derjaguin approximation, see Ref. [28]. 
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The thickness of the water film is not unambiguously determined by the present 
method that varies the tip radius to make the calculated van der Waals attraction fit 
the pre-jump force data. A similarly good fit to the data in Fig. 4A can be obtained 
for a thickness of 2 nm by increasing the product AR by a factor of 2.5, and for 
a thickness of 4 nm by decreasing the product AR by a factor of 2. These are 
about the limits on the thickness that can be tolerated as greater or smaller values 
make it impossible to have both the correct tangent at the jump point and the correct 
magnitude of the van der Waals force at larger separations. 

Following the jump of the tip into contact with the silica substrate, there is a 
small hook or soft compliance region of width 0.82 nm (Fig. 4B). Assuming a 
conical tip with bulk elastic properties, it can be shown that the deformation of the 
tip is negligible under these loads. If one assumes that the deformation of the silica 
substrate is negligible (JKR theory would give a deformation of 0.2 nm at zero load), 
then the most likely explanation of this soft compliance is the Reynolds drainage of 
the water film between the substrate and the approaching tip. 

In the case of Fig. 4A, the same thickness water film was used for both silica 
and for cellulose. This is supported by the coincidence of the forces prior to the 
jump (i.e. the magnitude of the van der Waals force for the tip—silica and for the 
tip—cellulose would only be identical if both were coated with a water film) and the 
identical jump distances that were measured (see also the discussion of the zero of 
separation below). 

For the measurements of the tip—silica interaction in Fig. 5A, the relative humidity 
at 78% was higher on that particular day than the 31% for the measurements in 
Fig. 4, which is consistent with the fact that a total water film thickness (tip plus 
silica) of 6 nm was required to fit the prejump van der Waals force, compared to a 
total thickness of 3.2 nm fitted in Fig. 4. This is also consistent with the fact that 
the postjump hydrodynamic drainage hook is larger in Fig. 5B (1.52 nm) than in 
Fig. 4B (0.82 nm). As discussed in connection with Fig. 4A, the data could still be 
fitted when the thickness of the film was varied by + 1 nm. 

For the tip-polystyrene data in Fig. 5A, a water film of total thickness 4.5 nm 
has been used in the fit to the van der Waals force. This water presumably adsorbs 
mainly on the tip, since polystyrene has a hydrophobic character (contact angle 83— 
89°) [17]. This is consistent with the smaller thickness used for the water film for 
these data than for the tip—silica data obtained in the same series of measurements. 

The pull-off forces (not shown) were 70 nN for both the tip-silica and the tip- 
cellulose experiments reported in Fig. 4, when the relative humidity was 31%, and 
were 244 nN for the tip—silica and 203 nN for the tip—-polystyrene data reported 
in Fig. 5, when the relative humidity was 78%. The force due to capillary 
condensation, F = 42yR, where y = 72 mN/m is the surface tension of water, 
and where zero contact angle on both surfaces has been assumed, is 633 nN for 
R = 700 nm. The assumption that the pull-off force is due to capillary condensation 
is confirmed by the facts that the force is independent of the nature of the solids on 
any given day, that it is of the same order as the calculated capillary force (this 
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is much greater than the expected solid—solid adhesion, and roughness accounts 
for the fact that the measured values are less than the theoretical ones) and that it 
increases with increasing relative humidity. It has been shown theoretically [29], 
that going from less than 40% to greater than 60% relative humidity leads to a 
large increase in adhesion due to nanoscale roughness. These predictions have been 
broadly confirmed experimentally (Refs [26, 29, 30] and data not shown) and are 
consistent with the present results. That the measured pull-off forces are consistent 
with capillary adhesion confirms the conclusion based on the precontact van der 
Waals data that the surfaces are covered with water films. 


4.3. Zero of separation 


A crucial issue in AFM measurements is defining the zero of separation. For 
rigid substrates such as the present tip—silica measurements, the zero is found 
quite simply from the location at which the force curve becomes vertical when 
plotted against separation. For the case of deformable materials, such as the 
present cellulose particles and polystyrene films, determining the zero of separation 
is problematic. The zero of separation was here defined by shifting horizontally 
the force-separation curve for deformable surfaces, so that the first measured 
datum after the jump into contact occurred at zero separation (Figs 4B and 5B). 
This procedure ignores the flattening of the cellulose and polystyrene immediately 
following the jump. On the basis of the JKR theory [24], the amount of deformation 
in the case of cellulose is 2 nm, which suggests that the cellulose data ought to be 
shifted to more negative separations by this amount, and which implies that the 
water film is 2 nm thinner on cellulose than it is on silica. For polystyrene, the 
post-jump flattening is estimated as 0.3 nm. 

The procedure for establishing the zero of separation also ignores the slow 
drainage of water following the jump, which added 0.82 nm to the separation for 
the tip—silica case. This was obtained from the separation relative to zero at the end 
of the jump in Fig. 4A. This drainage effect partially cancels the deformation effect. 

The uncertainty in the thickness of the water film (+1 nm) creates uncertainty 
in the magnitude of the tip radius. It is the uncertainty in the amount of initial 
deformation and the film drainage that creates uncertainty in the zero of separation. 
We have taken the view that the best procedure is to set the zero of separation as 
the first data point after the jump into contact as this is a clearly defined protocol 
that avoids having to invoke a JKR fit to the data to obtain the amount of initial 
deformation. 


4.4. Deformation 


It can be seen from the finite slope in the cellulose force data in Fig. 4B that 
significant deformation of the cellulose occurs and that at no stage does it become 
rigid (i.e. have an elastic modulus comparable to that of the silica substrate). 
Rigidity in the cellulose, as for the silica, would be signified by a vertical region 
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in the force versus separation curve. The photodiode was found to change at a rate 
of —0.153 V/nm at the largest force (46 nN) employed on the cellulose particle. 
It can be seen that the force curve appears linear in this regime and, hence, one 
concludes that linearity does not signify rigidity. 

What we mean by this last remark is that the appearance of a constant compliance 
region in the force curve in which the photodiode signal appears to increase linearly 
with drive distance does not mean that the substrate has become rigid. The slope of 
such a region should not be used to calibrate the photo-diode because the substrate 
continues to flatten as the load is increased, and the deflection of the cantilever is less 
than the movement of the piezo-drive. The reason that a number of previous studies 
on deformable substrates [11-18] have used such erroneous calibration procedures 
is that they have assumed that it is only the curvature in the contact region that 
represents deformation. This is not true, as even JKR theory predicts a quasi- 
linear force curve at high enough loads. The data in Figs 4B and 5B, which use 
the calibration factor obtained for the silica substrate, confirm that one cannot use 
the deformable substrate to calibrate the system. 

The negative nominal separations that occur for cellulose as the load is increased 
in Fig. 4B indicate the amount of flattening or deformation of the particle. The 
nominal separation is the separation that would occur between rigid particles that 
could interpenetrate; the actual separation (not shown for cellulose) is the physical 
separation of the surfaces, which is always positive [4]. For the loads shown 
the amount of deformation of the cellulose is as much as 25 nm. In the post- 
contact situation the JKR [24] theory can be fitted to the measured data using 
E/(1 — v) = 22 MPa, where E is Young’s modulus and v is Poisson’s ratio. This 
rather low value is consistent with a wet surface layer of the amorphous cellulose II 
particle. 

The hysteresis evident between the loading and unloading force curves in Fig. 4B, 
and the decrease in deformation with increase in speed indicate that the cellulose 
particle is slightly viscoelastic. We have not attempted to analyse the data using 
the viscoelastic theory of Attard [6, 31], because of the uncertainties regarding 
the tip curvature, the surface energy and the influence of the capillary adhesion 
(see Refs [8, 19] for quantitative analyses of AFM measurements on viscoelastic 
materials). 

The polystyrene film appeared more elastic than viscoelastic, since there was 
little hysteresis between loading and unloading when in contact (force curves not 
shown). The slightly steeper loading force curve at the higher speed in Fig. 5B is 
consistent with the increased stiffness on short times scales of viscoelastic theory 
{6, 31]. The deformation following the jump into contact has been estimated by a 
fit to the JKR theory, which yields an elasticity parameter, E/(1 — v?) = 0.1 GPa. 
This fitted value depends on the value of the tip radius, but the latter is constrained 
by physically reasonable values of the Hamaker constant because the product AR 
must be constant to fit the van der Waals force. The lower bound, which was used 
here, corresponds to the water—air-water value A = 3.7 x 10-7 J [23], which 
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gives R = 700 nm and E/(1 — v?) = 0.1 GPa. The upper bound corresponds to 
the silica—air-silica value A = 7 x 10~?° J [23], which gives R = 350 nm and 
E/(1 — v?) = 0.15 GPa. 

The value of Young’s modulus found here, 0.1 GPa, is markedly less than the 
value of bulk polystyrene, E = 3 GPa [32], and is consistent with the fact that 
the surface of polystyrene films is less glassy than the bulk [33~—39]. It is also 
consistent with the value of 0.1 GPa found by Overney et al. [39] for the storage 
modulus of a polystyrene film in a poor solvent. Although not stated explicitly 
in Ref. [39], it appears that the AFM photodiode calibration factor was taken 
from the slope of the force curve at the highest applied load where the tip was 
thought to have fully penetrated the 5-nm-thick polystyrene film and to have been 
in contact with the underlying silica substrate. The zero of separation was taken 
to be the beginning of the saturation of the AC response, and was said to represent 
contact with the underlying silica substrate. The sample indentation was estimated 
by assuming that the polystyrene behaved as a simple spring, although it was noted 
that the spring constant changed with applied load. The value of the zero-shear 
rate storage modulus was deduced using a Maxwell rheological model from the 
AC measurements made in water, a poor solvent for polystyrene. The present 
measurements give the material properties of the surface of the film because the 
amount of deformation is only 10 nm, and deformation decays away from the point 
of contact. The thickness of the soft surface layer of polystyrene has been estimated 
to be greater than 4 nm [39]. Because of the small amount of deformation, the 
thickness of the film (order of zm), the rigidity of the underlying substrate, or 
the bulk properties of the film do not have much influence on the measured data. 
Previous measurements on sub-micrometer polymer colloids revealed the effect of 
the substrate at high loads when the deformation was greater than about 10% of the 
radius of the colloid [8]. 

In contrast to the present results, the surface force measurements for polystyrene 
of Schmidtt et al. [17] were apparently fitted with a value for the combination of 
Young’s modulus and Poisson’s ratio of E/(1 — v?) = 2.2 GPa. They analysed 
their surface force measurements with a deformation of 17 nm, which they state is 
consistent with the JKR theory. This is close to the bulk value but it corresponds 
to a material with a surface more than 20 times more rigid than is found here. The 
discrepancy appears due to the fact that Schmidtt et al. [17] have calibrated the 
force measuring bimorph from the apparently linear region at the highest applied 
loads. It can be seen in Fig. 5B that the force data for polystyrene are quite linear 
at large applied loads, but that the slope, —0.212 V/nm, is significantly less than the 
actual calibration factor of the AFM, —0.230 V/nm in this case. Using the wrong 
calibration factor significantly overestimates the rigidity of the deformable material 
in any subsequent JKR analysis. 

Biggs and Spinks [18] performed AFM force measurements on polystyrene 
spheres. However, the quantitative values reported by these authors have been viti- 
ated by the experimental protocols employed. In those experiments the photodidode 
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Figure 6. Cellulose (circles) and polystyrene (triangles) data from the slow speed cases of Figs 4 
and 5. The open symbols represent data analysed using the protocol described in the text. The filled 
symbols are the conventional result obtained by calibrating the photodiode in the pseudolinear region 
at high loads and making this the zero of separation. 


was calibrated from the slope of a pseudo-linear regime (and different slopes were 
used on the approach and on the retraction curves). As pointed out here, this ne- 
glects the flattening of the deformable particle with increasing load. The zero of 
separation was taken as the point where the calibration was made at the highest ap- 
plied load. This again neglects the post-contact flattening of the particle. Finally, a 
single expansion coefficient was used for the piezo-drive for all the different drive 
speeds and the changes in the force curves were attributed to viscoelastic effects. 
As shown here, the expansion of the piezo-drive is speed dependent and this must 
be accounted for in a quantitative analysis of the data. 

Using the wrong calibration procedure for deformable substrates has serious 
consequences, as is graphically illustrated in Fig. 6. Here the correct results 
obtained using the present method of calibration (open symbols) are contrasted with 
the erroneous results that use the apparently linear, high load part of the force curve 
to calibrate the electronic force measuring device and to set the zero of separation 
(filled symbols). This erroneous procedure has been used on a number of previous 
occasions [11-18]. It can be seen that it gives force curves with wrong shapes 
and wrong slopes and that it leads to a significant underestimate of the amount of 
deformation. The amount of error depends upon the relative stiffness of the force 
measuring spring and the deformable substrate. 


5. CONCLUSIONS AND SUMMARY 


This study has been concerned with force measurements on deformable particles 
and substrates using the atomic force microscope. The problem of establishing the 
zero of separation during force measurements in air was addressed. A common 
procedure in the past has been to take the zero of separation to be the separation 
corresponding to the position of largest load, but this is in substantial error for 
deformable materials. Instead we attempted to use the van der Waals force law 
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prior to contact. Whilst quite a good fit to the data could be obtained, the presence 
of water films diminished the utility of this method to establish unambiguously the 
zero of separation. We concluded that the best approach was to set the zero of 
separation at the end point of the jump. Whilst this ignores the competing effects of 
the initial post-jump flattening and the drainage of the water film, it does provide an 
unambiguous and reproducible protocol for analysing the force curves. 

It was pointed out that for deformable materials the photodiode or other electronic 
force measuring devices must not be calibrated by fitting the linear regions of the 
force curves because part of the motion of the piezodrive goes into the deformation 
of the particle or film. Instead, the calibration has to be performed by pressing the 
cantilever against a rigid substrate. 

It is necessary to recalibrate the photodiode for each experiment since the 
calibration factor varies with the positions of the cantilever and mirror, unless 
special care is taken in the setup [40]. The calibration must be performed in situ 
by moving the cantilever off the deformable particle or film and pressing it against 
a hard substrate. The calibration should also be performed at the same speed as the 
measurement unless a closed loop piezodrive is used. The expansion coefficient of 
the piezocrystal must be corrected for its dependence on speed using equation (1). 
This is particularly important for studies of viscoelastic materials where dynamic 
effects are of interest, because speed-dependent artefacts in the piezodrive will lead 
to a misinterpretation of the results unless they are accounted for. For measurement 
on deformable colloid particles, it is best to mount the deformable particle on the 
substrate rather than on the cantilever so that the calibration procedure described 
above can be used. For quantitative force measurements, a rigid colloid probe 
mounted on the cantilever can be used, and the apex of the two colloids can be 
located using the imaging facilities of the AFM. In cases where measurements of 
the interactions of two deformable colloids are required, it appears best to use the 
procedure of Feiler et al. [40] in which two calibrations are performed (pre- and 
post-mounting), with the optical path unchanged. 

Specific results for the deformation of a cellulose particle and of a polystyrene 
film were obtained and elasticity parameters E/(1 — v*) = 22 and 100 MPa 
were obtained, respectively. In the case of the polystyrene film, the deformation 
corresponded to an elasticity parameter that was 30-times less than the bulk value, 
which indicated that the surface was in a less glassy state than the bulk. 
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Abstract—Surface force experiments have been carried out to investigate the dynamics of adhesion 
for grafted polymer-coated glass spheres in a solvent. The quality of solvent has been varied both 
by changing the relative concentrations in a mixed solvent system and by variations in temperature 
in order to investigate the effect on the measured adhesion. Under very poor solvent conditions 
(far from @ conditions) there is a contact time dependence of the magnitude of the adhesion, that 
can be explained in terms of polymer interpenetration. This interpenetration is consistent with the 
diffusion following primitive path fluctuation dynamics. An increase in the maximum applied load 
leads to a decrease in adhesion which is attributed to a slower diffusion rate due to squeezing out of 
the solvent from the contact zone. Under slightly poor solvent conditions (near-9 conditions), any 
polymer interdiffusion is found to be rapid on the experimental time frame. In this case the adhesion 
is strongly dependent on the separation rate, which is interpreted in terms of viscoelastic losses at the 
crack tip. 


Keywords: Dynamic adhesion; grafted polymer; viscoelasticity; poor solvent; polymer diffusion, 
surface forces. 


1. INTRODUCTION 


The process of adhesion is complex and may, on the molecular level, involve several 
different mechanisms. The combination of these individual contributions leads to 
the final adhesion strength, though individual mechanisms may dominate under 
specific conditions. At its simplest, adhesion is governed by the thermodynamic 
work of adhesion but becomes much more complex with the introduction of 
viscoelastic substrates and entanglement effects. In this study, we have investigated 
the dominant mechanisms of adhesion of two glass surfaces coated by a tethered 
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polymer layer, and how the relative contributions of different mechanisms change 
with the solvency conditions. 

Various mechanisms related to the adhesion of polymers have been presented 
[1-4]. First, there is the thermodynamic work of adhesion, the magnitude of 
which is determined by intermolecular forces [1]. The types of interactions where 
the adhesion is dominated by the surface energy are often analyzed using contact 
mechanics theories such as those derived by Johnson, Kendall, and Roberts (JKR) 
[5], or by Derjaguin, Muller, and Toporov (DMT) [6], or various transitional models 
[7, 8]. These approaches predict the interaction area as a function of the load 
and differ in their assumptions of the deformations involved and the modeling of 
the interaction forces present. Due to the area relationship, any dynamics of the 
interaction is related to the rate of advancement of the contact zone. 

For rough surfaces there may also be a relation between the applied load and the 
effective area of contact. In addition, there is an increase in adhesion due to any 
chemical bonding. It has also been argued that any electrostatic interactions present 
may have a significant influence on the adhesion (see Ref. [3]), though this argument 
seems to have gone out of favor [3]. Finally it is noted that acid—base interactions 
are also important in adhesion [9]. 

For polymer surfaces there is also an increase in adhesion due to polymer 
molecules diffusing across the boundary and thus leading to a broader more diffuse 
interface. This increase in adhesion can be attributed to an increase in the effective 
contact area, and thus in an increase in the work of separation compared to the 
work of adhesion between two smooth surfaces. Additionally, in dynamic situations 
increases in adhesion may also come from the frictional forces incurred in pulling 
the entangled molecules out from the opposing network, and thus in this case it 
is related to the polymer viscoelastic response. It is also possible for molecules 
that diffuse across the interface to be ‘torn’ apart during the separation process thus 
leading to an increase in adhesion which is related to both the type and number of the 
chemical bonds broken. Finally it has been shown that for viscoelastic materials, the 
bulk material may dissipate energy during separation and thus add to the adhesion 
force [10]. 

Polymer diffusion is usually more complex than that described by simple Fickian 
diffusion. This is particularly so if the polymer is tethered at any point, is highly 
branched, or if the molecular weight is high. For a polymer chain in which the 
distribution of the density of polymer from its center of mass can be described as 
Gaussian, the conformational relaxation to an equilibrium state is well described 
by the Rouse model [11]. For entangled polymers the relaxation becomes more 
complex. Entanglement in solution can occur when the polymer concentration 
becomes high enough to allow interactions between neighboring molecules [11]. 
Entanglement effects in the bulk are also seen to dramatically increase the viscosity 
in polymer melts when the molecular weight becomes larger than some critical 
value, which is dependent upon the particular polymer but is often in the range 
5000-30000 g/mol [12]. In the entangled state, the polymers may be considered 
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to be enclosed within ‘tube-like’ structures, in which the quickest relaxation mode 
is for the polymer to diffuse along the ‘tube’. This type of diffusion process is 
called reptation. It is slower than ordinary diffusion but is the dominant relaxation 
mechanism for large molecular weight polymers as shown by de Gennes [13]. The 
relaxation process becomes even more complex if the polymer is pinned at a certain 
position, for example, a branch point or by being grafted to a surface. In this case the 
polymer’s free end must diffuse along its ‘tube’, come back to the tethered position 
and then diffuse out again into an equilibrium position. This type of relaxation is 
referred to as ‘primitive-path fluctuations’ or ‘breathing modes’ [11]. 

Autoadhesion studies have been carried out for polymer systems, confirming 
diffusion across the interface [3, 14]. Theoretical work on the kinetics of penetration 
of a grafted polymer into a chemically identical, permanently cross-linked network 
has been carried out by, for example, O’Connor and McLeish [15, 16]. In addition 
to the mechanisms already discussed, they propose an additional mechanism for the 
grafted polymer to diffuse into the network. For the brush to be at equilibrium, 
they state that the grafted chain must enter the network directly above the grafting 
point. However, due to the quick Rouse penetration, the chains enter the network 
at a distribution of distances (R) from the grafting point (related to the end-to-end 
distance of a polymer chain) to end up at local energy minima. Relaxation of R > 0 
(and thus true equilibrium) thus occurs over a slower time frame, and this is referred 
to as R-hopping. This approach has been correlated with neutron reflection studies 
on similar systems [17], in which a slow approach to equilibrium is seen which 
correlates well to a logarithmic dependence with time. Related work has also been 
carried out on chemically different surfaces by Brown [18, 19], to investigate the 
effect of chain mobility. 

This work on adhesion is the extension of a previous study [20], where we 
have characterized the system and investigated the effect of solvent quality on 
the surface forces. In that case we were primarily concerned with long range 
quasi-equilibrium interactions, above and below theta conditions, though small 
hydrodynamic contributions were discussed and accounted for. In the present work 
we are concerned with adhesion forces, which occur only in poor solvent conditions. 


2. MATERIALS AND METHODS 


The experiments were carried out on the same polymer coated surfaces character- 
ized in our previous studies where we investigated the quasi-equilibrium interaction 
forces and the effect of hydrodynamic interactions, as a function of variation of 
the solvent—polymer interaction [20]. The force measuring technique and surface 
preparation procedure are described more fully in that work. 

The polymer used was poly (12-hydroxystearic acid) (from ICI) which was 
grafted onto glass surfaces using the method of Pathmamanoharan [21]. Character- 
ization of the polymer by gel permeation chromatography gave molecular weights 
(number and weight averages) of M, = 2870 g/mol and M,, = 4795 g/mol leading 
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to a polydispersity (M,,/M,) of 1.67. The surfaces were approximately 4-mm di- 
ameter glass spheres prepared by flame melting 2-mm glass rods in a butane-oxygen 
flame. The surfaces were mounted in the MASIF! [22, 23] instrument, which is a 
non-interferometric surface force apparatus. Normal surface force measurements 
were carried out in a mixed solvent of ethanol (99.5%, Kemetyl) and heptane (p.a. 
Merck). Temperature was set by the use of Peltier units as discussed previously [20]. 
Forces are routinely normalized by 27 R which according to the Derjaguin approx- 
imation [24], renders them equivalent to the interaction energy between two flat 
surfaces. For continuity, this normalization has also been applied to the adhesion 
measurements. In this case the radius R, is defined as R = R, - Ro/(R, + R2), 
where R, and R2 are the radii of surfaces 1 and 2, respectively. 

In these experiments we varied the contact time, maximum applied load and 
separation rate, which all influenced the measured adhesion. However, they cannot 
always be evaluated independently of one another. It is thus important to understand 
the operation of the instrument so that experimentally constrained links between 
different variables can be accounted for. 

The MASIF instrument is designed to measure interaction forces between two 
surfaces. The most common surfaces employed are glass spheres. The force is 
obtained from the displacement of the lower surface, which is attached to a bimorph 
spring (a piezoelectric beam that produces a measurable charge when deflected). 
The position of the upper surface is controlled by a piezoelectric tube, and measured 
by the use of a linearly variable distance transducer (LVDT). In these experiments 
a triangular waveform was applied to the piezoelectric tube, such that the upper 
surface moved in an approximately linear expansion—retraction cycle. Figure 1 
shows the measurement of the response from the bimorph in a typical experiment 
as a function of time. Point 1 in the figure shows the beginning of the run at time 
zero. Between points 1 and 2, the upper surface moves towards the lower one, 
which remains stationary due to the absence of any interaction. Around point 2 the 
bimorph responds to surface forces and thus moves from its equilibrium position. 
Between points 2 and 3, the bimorph is being linearly deflected with the movement 
of the upper surface indicating zero relative movement of the two surfaces, and 
defining zero separation. This region, usually referred to as constant compliance 
region, also calibrates the bimorph response (which can then, with the bimorph 
spring constant, be converted into a force). The upper surface then reverses direction 
at point 3. Point 4 indicates the point of separation expected for non-interacting 
surfaces; in this case there is a significant adhesion and the surfaces do not separate 
until considerably later where they jump out to point 5. Point 6 represents the end 
of the experimental run. The time of the run (time from point 1 to point 6) is a 
controlled variable. The last part of the curve shows a damped sinusoid, which is 
an artifact that occurs due to the spring jumping out from a large separation with a 


1Measurement and Analysis of Surface Interaction Forces (MASIF), Australian Scientific Instru- 
ments, Canberra Australia (http:www.anutech.com.au/asi/). 
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Figure 1. Bimorph response in a typical adhesion experiment. Between points 1 and 2 is the zero 
force regime. Surface forces detected at around point 2 prior to the onset of hard wall contact (points 
2-3). At point 4 (zero applied force) the surfaces would have separated in the absence of an adhesion. 
Point 5 indicates the jump-out distance (the ringing is due to energy dissipation after the sudden 
release of the spring). 


large potential energy. The sinusoidal part is damped as the energy is dissipated to 
the environment. 

While the separation rate is simply given by the piezoelement movement divided 
by the period of the run (assuming linear piezoelement movement), the contact time 
of the two surfaces is much harder to control. It depends on the location of point 2 
(i.e. on the initial separation of the surfaces) and on the strength of any adhesion 
(corresponding to the length of the constant compliance region after point 4 in 
Fig. 1). Thus one of the parameters potentially controlling the dynamic adhesion 
is itself a function of the adhesion. 


3. RESULTS 


We have investigated the adhesion of the same polymer bearing surfaces under 
two different solvency conditions. In a previous paper [20] we studied the surface 
forces measured on approach for a range of solvent conditions, and showed that 
they were purely attractive for the conditions employed, indicating that in both 
cases we were in poor solvent regimes. In the first case we have investigated the 
interaction under slightly poor solvent conditions (40% ethanol and 40°C). An 
increase in the temperature of 1°C in this situation had the effect of switching the 
force profile from attractive to repulsive, indicating that the system was close to 0 
conditions. These conditions will be referred to as ‘bad’ solvent conditions. In the 
second case, which we will refer to as ‘worse’ solvency, the ethanol (poor solvent) 
concentration was increased to 43% and the experiment was performed at room 
temperature (21°C). The worse solvency conditions are illustrated by the change 
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Figure 2. Force vs separation data. The upper curve (1) is the approach curve for slightly poor 
(bad) solvent conditions whilst the lower curve (3) is the separation data for the same conditions. The 
middle curve (2) is the approach run for the very poor (worse) solvent conditions. 


in average adhesion (pull-off force/27 R) from 0.48 mN/m (standard deviation of 
0.13) under bad conditions to 15.7 mN/m (standard deviation of 2.3) under worse 
conditions, an increase well in excess of an order of magnitude. 

A comparison of the surface forces between bad and worse solvency conditions is 
shown in Fig. 2. The approach runs for both solvency conditions are shown as the 
upper two curves. There is a significant increase in the range of the attractive force 
in going from bad to worse solvent conditions (approximately five-fold). Note that 
a stiffer spring is used in the worst solvent case and that the relative jump distances 
would be even larger if the same spring were used in both experiments. The jumps 
(both into and out of contact) are due to spring instability, which occurs when the 
rate of increase in the magnitude of the force with separation exceeds the spring 
constant and thus the linear regions of the curves do not reflect the ‘true’ force 
profiles. 

For the bad solvent conditions, the jump-out is also shown, and can be seen to be 
approximately ten times the range of the jump-in. Strictly these values cannot be 
compared since the jump-in distance depends on the shape of the force curve whilst 
the jump-out depends on the depth of the adhesion minimum. The adhesion for the 
case of the worse solvent is larger than can be directly measured with the bimorph 
spring and is thus not included. Calculations based on the jump-out distance (point 
4 in Fig. 1) show that the magnitude of the adhesion in this case is 25 mN/m, a 
ten-fold increase over the bad solvent conditions. 

In both cases the adhesion is determined to be a dynamic quantity, the magnitude 
of which varies significantly with, for example, the length of time the two surfaces 
remain in contact — which we define as the ‘contact time’. What is intriguing is that 
the dynamic adhesion behavior is completely different for the two cases, suggesting 
that the mechanisms behind the dynamic component of the adhesion are different. 
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Figure 3, Pull-off-force vs contact time for the two solvent cases. (O represents bad solvent conditions 
whilst (Ml) represents worst solvent conditions), Note that both sets of data are normalised to the 
maximum value in each case, giving a range from 0 to 1. 
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Figure 4. Pull-off force/27 R (mN/m) and speed (m/s) vs contact time (s). Note log scales for both 
y-axes, which are scaled to clarify correlation between the two y-ordinates. 


This is illustrated by Fig. 3 where we compare the normalized pull off-force vs 
contact time. The range of the magnitudes of the pull-off forces is so different, 
between the two different regimes, that they cannot be plotted on the same axes. We 
have, therefore, arbitrarily normalized the pull-off force by the maximum value in 
each regime. It can easily be seen that the two regimes display opposite responses 
to an increase in contact time. 

In the previous section, we made clear that the contact time and the separation 
rate could not be varied entirely independently of each other. Thus it is important 
to investigate any correlation between these two variables. In Fig. 4, we have, 
therefore, plotted both the separation rate (speed) and the pull-off force vs the 
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Figure 5. Double log plot of the excess adhesion/27 R (mN/m) vs separation rate (um/s) (power 
law trend line fitted giving exponent of 0.48). 


contact time, for bad solvent conditions. Note that both the y-axes are logarithmic. 
In this case the maximum and minimum values of the y-axes have been set in order 
to best show any correlation. Fitting of the data to a correlation function [25] gives 
a value of 99%, which indicates a very high correlation, which is clearly apparent 
in the figure. Clearly the dynamic adhesion behavior can be interpreted as being a 
function of separation rate rather than contact time. As argued below, this is in fact 
the case under bad solvency conditions. 

Both peel tests [26] and SFA experiments [27] indicate that under certain 
conditions, the pull-off force is related to the crack propagation rate. Ruths ert 
al, [27] have suggested that the crack propagation rate is directly related to the 
separation rate, and hence we have displayed the excess pull-off force vs the 
separation rate on a log-log plot for the bad solvent conditions (Fig. 5). The excess 
pull-off force is the pull-off force for a specific separation rate, minus that for an 
infinitely slow separation rate. We have approximated the infinitely slow rate by 
our slowest separation rate (13 nm/s), and plotted the excess adhesion vs separation 
rate in Fig. 5. Fitting a power law to these data gives an exponent of 0.48. 

For the worse solvency conditions, the increase in adhesion with increased 
separation rate is not apparent, and the dynamic adhesion behavior appears to be 
truly dependent on the contact time. This relation between the adhesion and the 
contact time is shown in Fig. 6 on a semi-log plot. As can be seen in the figure there 
are two different regimes, each of which is well fitted with a logarithmic trend line. 
The difference between these two data sets is the maximum load applied. The data 
in the upper curve are for small applied loads, whilst the data in the lower curve 
are for a relatively high applied load. The magnitudes of the mean maximum loads 
with standard deviations are 59.2 mN/m (standard deviation of 30.3 mN/m) for the 
low maximum load regime and 261 mN/m (standard deviation of 22 mN/m) for the 
high maximum load regime. Such behavior has not, to our knowledge, been seen 
before and we leave it to the discussion section to attempt to explain this behavior. 
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Figure 6. Pull-off force/22 R (mN/m) vs log contact time (s). High maximum load (261 mN/m 
o = 22 mN/m) is shown as (©) whilst the low maximum load (59 mN/m o = 30 mN/m) is shown 
as (M1). Both sets of data are fitted with logarithmic fits (note o is the standard deviation). 


4. DISCUSSION 


It becomes obvious from the results that the two different solvent conditions lead 
to different mechanisms dominating the adhesion behavior. This is evident from 
Fig. 3, which clearly shows that the magnitude of the pull-off force as a function 
of the contact time is affected in opposite ways for the two solvent cases. The two 
independent cases, dealing with ‘bad’ solvent and ‘worse’ solvent are now dealt 
with. 


4.1. Bad solvency conditions 


The results obtained under bad solvent conditions (poor solvent just below @ 
conditions), can most easily be rationalized by considering the separation rate rather 
than the contact time (Fig. 5). The data suggest that the rate of inter-penetration is 
not a dominant mechanism for the adhesion. In fact, since the adhesion actually 
decreases with contact time (due to the speed/time relation), we assume that any 
diffusion that occurs is in effect complete even for the quickest investigated times 
(contact time of 0.4 s). Alternatively, it may just be that the effect on adhesion of 
any inter-penetration is low, since the polymer—polymer attraction in this case is so 
low. In any case we propose that the observed effect is solely due to the difference 
in separation rates. 

The excess adhesion at a specific separation rate is the adhesion at this rate minus 
the adhesion at an infinitely slow separation rate. In Fig. 5 we show that the excess 
adhesion is a function of the separation rate to the power of 0.48. This is similar 
to that found by Ruths er al. [27] for the interaction of various polymer layers in 
air where their data were reasonably well fitted to a power law with an exponent 
of 0.5. Greenwood and Johnson [28] have previously shown theoretically that the 
excess adhesion should increase with the crack propagation rate to the power of 0.5. 
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This theory was based on bulk linear viscoelastic losses in the underlying polymer 
layer. Ruths er al. [27] state that this mechanical model, although developed for bulk 
materials, seems to be applicable to viscoelastic interfaces without violation of the 
theoretical assumptions. In addition, in their tests using the surface force apparatus 
(SFA), Ruths et al. suggest that the device separation rate is proportional to the 
crack velocity. Thus the fact that the current experiments give the same relationship 
as that of Ruths et al. [27], and the theory of Greenwood and Johnson [28] would 
seem to suggest that the separation rate dependence originates from viscoelastic 
losses at the interface. It should also be noted that our experiments were conducted 
in a liquid whilst those of Ruths er al. were conducted in air, yet both of these sets 
of experiments give the same 0.5 power law relationship. 

The assumption of the direct relationship between the crack propagation rate and 
the device separation rate is, however, not apparent. First the magnitude of the 
excess adhesion at fast separation rates is very large in comparison to the adhesion 
at infinitely slow separation rates. For this reason, it is not apparent that the crack 
propagates in a similar manner, independent of the rate. Second, the assumption 
that the large increase in crack propagation rate near pull-off can be ignored is not 
necessarily correct. Private communication with E. Barthel [29], in reference to his 
re-analysis of the data of Ruths et al. [27], suggests that the intrinsic dissipation 
exponent is slightly larger than the 0.5 suggested by Ruths et al. One would expect 
a similar effect in the case of our experiments. If this is indeed correct, then the 
presented data may not agree with the theory of Greenwood and Johnson [28]. 

Maugis and Barquins [26] have carried out similar work on larger scale systems 
using three different geometries (adhesion of spheres, adhesion of punches, and 
peeling). In all cases they found a geometry independent exponent of 0.6 in the 
power law relation between the ‘motive’ (defined as (G ~ w)/w where w is the 
thermodynamic work of adhesion and G is the strain energy release rate) and 
the crack propagation rate. In this case viscoelastic losses at the crack tip are 
responsible for the excess adhesion. This work suggests a different exponent than 
that of Greenwood and Johnson (0.6 compared to 0.5). The fact that Maugis and 
Barquins have experimental evidence for their values tends to add more weight to 
the argument. However, more theoretical studies are required to relate the crack 
propagation rate to the device separation rate before any definitive statements can be 
made about which of the crack propagation models is most appropriate to describe 
the dynamic adhesion behavior measured in surface force devices. What is still 
unknown, however, is the effect that polymer interpenetration has on the excess 
adhesion. 


4.2. Worse solvency conditions 


In the case of the worse solvent, there is a clear increase in adhesion with the contact 
time (Fig. 6). As discussed in the Materials and Methods section there is a link 
between the contact time and the separation rate that may alternatively explain this 
effect. In this case, though, the possibility of an effect due to separation rate can be 
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discounted, as it is hard to conceive of a mechanism that would explain an increase 
in the pull-off with a decrease in separation rate (such a mechanism would have to 
have the opposite effect on the adhesion strength to that operating in the bad solvent 
case). 

The accepted interpretation for increases in adhesion with contact time is that 
there is polymer inter-penetration. At time frames that are generally much quicker 
than that at which diffusion processes occur, the wetting or joining of the polymer 
layers to each other could be responsible for an increase in adhesion (i.e. the 
rate of increase of the contact area between the two surfaces). (However, other 
measurements suggest that time frames for these processes on polymer or surfactant 
systems are outside the investigated period) [27]. In addition, this process, or other 
non-entanglement events, are unable to explain the observed maximum load effect 
seen in the current investigation (increase in maximum load leads to a decrease in 
adhesion). 

In Fig. 6 we have shown two different regimes that both show an increase in 
adhesion with contact time. We conclude that this is the result of inter-penetration 
of the surface layers for reasons which are discussed later. In this case we cannot 
determine any separation rate dependence as, if there is any, it is overwhelmed by 
the inter-penetration effects. Thus the large increase in the adhesion is related to 
the increase in the effective contact area between the two surfaces as the polymer 
chains interpenetrate into the opposing polymer matrix (and are not related to the 
separation rate). 

The relation between the pull-off force and the contact time is shown in Fig. 6 
where the two regimes are fitted with logarithmic trend lines. Assuming that the 
adhesion increases linearly with diffusion distance into the polymer network, this 
relationship suggests that the mechanism of the diffusion is dominated by primitive 
path fluctuations or ‘breathing modes’. Although reptation relaxation is expected 
in situations such as this, with high polymer concentrations, it is ruled out here 
since the polymer chains are terminally attached. Primitive path fluctuations are 
reptation style diffusion where a polymer chain is pinned at a section and follows 
the relationship [17]: 


3M > 
T(x) = rox) exp| Sor x) |: (1) 
where t (x) is the relaxation time for a chain segment at a fractional distance x from 
the tether point, tT) is a time scale that, in principle, is dependent on x but due to 
its weak dependence is often roughly estimated as the Rouse relaxation time of the 
chain, M, is the molecular weight between entanglements, and M is the molecular 
weight. 

Under poor solvent conditions polymer molecules adopt a less extended configu- 
ration than that predicted purely due to a random walk configuration. This is due to 
the unfavorable polymer—solvent interactions in a poor solvent. Reptation occurs 
as the polymer layer on each surface is deformed upon contact with the opposing 
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surface and then relaxes back into an equilibrium configuration. The new equilib- 
rium position for each polymer chain after the two surfaces come into contact also 
differs from the pre-contact configuration, as the polymer chains are able to extend 
further from the surface they are grafted onto without increasing the amount of un- 
favorable polymer—solvent interactions. On compression, the chains are, however, 
entangled amongst themselves and must diffuse back towards their grafting point 
along their primitive path before quickly interpenetrating back into the network via 
normal Rouse dynamics. It should be noted that the reptation diffusion is simi- 
lar to R-coordinate hopping [15] which also gives an exponential relationship [15], 
and may be an alternative explanation. R-coordinate hopping is, however, expected 
more for larger molecular weight polymers than those in the current study. 

The two regimes depicted in Fig. 6, are due to the difference in maximum applied 
load. Contrary to intuition, a higher pull-off force is actually seen with a lower 
maximum applied load. One would usually assume that a higher applied load would 
lead to both a more intimate surface contact and an increased surface area, and both 
these effects would be expected to increase the pull-off force between viscoelastic 
materials. Our results, however, are in the opposite direction. The results are also 
different from the bad solvent situation where we have seen no appreciable effect of 
the applied load. There are two possible explanations. First, it has been shown that 
an increase in pressure leads to a small increase in relaxation times [30, 31]. Second, 
the increase in maximum applied load could be enough to squeeze out additional 
solvent from the layers and hence further reduce the relaxation rates. Without a 
measurement of the compressed layer thickness (an instrumental drawback of the 
non-interferometric techniques such as the MASIF in bimorph sensing mode) we 
cannot unconditionally distinguish between these two possibilities. This result does 
allow us to conclude that the contact time effect is, in fact, due to entanglement 
effects as opposed to a mechanism such as a gradual relaxation of the surface leading 
to an increase in the contact area (and thus the measured adhesion). In that case, 
the mechanism would be expected to be favored rather than hindered by increased 
pressure. Entanglement is generally expected for polymers with molecular weights 
in excess of 5000 g/mol (at least in polymer melts) and thus our polymer would 
appear to be a borderline case. However, it must be remembered that we have a thin 
film of tethered polymer molecules, which, due to polydispersity, has a significant 
fraction well in excess of the average molecular weight, and that such numbers are 
very dependent on polymer structure and are thus no more than a guide. 

A decrease in solvent quality is known to decrease the radius of gyration in a 
polymer—solvent system [32]. Similarly, a decrease in solvent quality will lead to 
a decrease in layer thickness for a grafted polymer layer. In each case this leads 
to a lower solvent concentration within the polymer matrix. This causes a slowing 
down in the mobility of the polymer and an increase in its relaxation times. Thus as 
the solvent conditions become worse, inter-penetration becomes slower, which also 
explains why we see an effect due to the contact time in the worse solvent case but 
not in the bad solvent case. 
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5. SUMMARY 


We have shown that the polymer relaxation time is dependent upon the solvent 
quality. In the case of a bad solvent (poor solvent close to 6 conditions), the polymer 
diffusion reaches equilibrium even in the quickest experimental runs. Under worse 
solvent conditions, however, (poor solvent far from 6 conditions), the polymer 
does not achieve this equilibrium, even for the slowest experimental runs (minutes). 
Pushing the surfaces together with a greater force squeezes out the solvent and thus 
further reduces the rate of diffusion. In the worse solvency conditions, the pull-off 
force increases as a logarithmic function of the contact time. This is suggestive 
of reptation based primitive path fluctuations as the dominant mechanism of inter- 
diffusion. 

For the bad solvent conditions, there is a large effect of the separation rate on 
the measured pull-off force. The observed power law dependence of the adhesion 
on the separation rate, with exponent 0.5, does agree with studies on monolayers in 
air [27]. However, in view of the lack of linearity between the crack propagation and 
the separation rates it seems possible that the apparent agreement with the theory of 
Greenwood and Johnson [28] is coincidental. 

The correlations between surface force measurements and fracture mechanics 
models seem to be a promising means to investigate adhesion systems. The current 
difficulty, however, lies in determining the contact radius as a function of time in 
our surface force experiments. At present, studies with the JKR instrument, such 
as those by Maugis and Barquins [26], seem better suited to the problem, though 
they are limited both in experimental time frames and in the systems they can 
investigate. With the use of video imaging and interferometry, SFA experiments 
may also yield valuable information, and extend the range of systems that can be 
investigated. Alternatively, the current theoretical developments to describe the 
peeling of viscoelastic layers may render MASIF and AFM even more valuable 
tools in this area. 
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Abstract—Intermolecular interactions between distinct chemical functionalities define a multitude 
of adhesion events in chemistry, biology and materials science. Modern techniques for measuring 
molecular level forces have allowed direct quantitative characterization of these interactions. In 
particular, chemical force microscopy (CFM), which uses the probe tip of a force microscope 
covalently modified with specific organic functional groups, provides a flexible approach for studying 
interactions between specific chemical functionalities. In this review, we survey the progress in CFM 
in recent years as it applies to adhesion of soft materials. We show how new developments in the 
experimental and theoretical approaches continue to build a realistic and detailed picture of adhesion 
interaction in condensed phases. We specifically highlight the importance of the kinetics of the 
unbinding processes and solvation effects in determining the strength of intermolecular interactions. 
We also describe some recent new directions in CFM, such as high-throughput adhesion measurements 
and mapping of full intermolecular potentials. 


Keywords: Chemical force microscopy; force titrations; self-assembled monolayers; dynamic force 
spectroscopy. 


1. INTRODUCTION. CHEMICAL FORCE MICROSCOPY: MOTIVATION AND 
APPLICATION TO ADHESION SCIENCE 


Solid—fiuid interfaces occupy a prominent place in condensed matter sciences, since 
many of the important molecular events in chemistry, physics and biology are 
interfacial in nature [1]. Examples of such processes span length scales of many 
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orders of magnitude: from the fracture of materials, wetting and lubrication on a 
macroscopic scale, to self-assembly and colloidal interactions on the mesoscopic 
scale and to molecular recognition, protein folding and membrane interactions at 
the nanoscopic scale. This vast array of phenomena initially appears complex and 
diverse; yet their outcomes are largely determined by the adhesion interactions 
among molecular assemblies that comprise the surfaces and surrounding fluid 
phase. 

Adhesion forces are mediated by both specific and non-specific interactions. Po- 
tential technological and scientific benefits, which stem from gaining control over 
these interactions, are enormous. For instance, much of the current progress in nan- 
otechnology hinges upon the bottom-up approaches that utilize precisely tailored 
intermolecular interactions to form higher-order structures [2]. The molecular-level 
organization of the interfaces and their binding of solvent play an important role in 
shaping the strength and distance scale of adhesion forces. Although often poorly 
understood, adhesion, in general, influences a widely diverse set of industrial appli- 
cations from airplanes to paints to biosensors [3]. 

Understanding adhesion phenomena requires an intimate knowledge of the inter- 
molecular forces from which they arise. Historically, these forces have been inferred 
from macroscopic measurements such as adsorption calorimetry, surface tension 
studies, pressure induced chemical or vibrational line shifts, equilibrium constants, 
virial coefficients and elastic moduli [1, 3-5]. Although indirect measurements 
have provided significant information, the true nanoscopic nature of the interac- 
tion is accessible only through a direct measurement. At present, our progress in 
understanding adhesion interactions at the interfaces is closely linked to the devel- 
opment of physical techniques for measuring such interactions. Typical chemical 
bond strength ranges from 10 pN for a very weak van der Waals bond to 2-10 nN 
for a strong covalent bond [4]. The interaction strength also varies significantly, de- 
pending on the properties of the surrounding medium. Therefore, an ideal technique 
for measuring interactions at the interfaces must be capable of measuring forces in 
the pN to nN range with a sub-nanometer distance resolution under a variety of 
environmental conditions and solvent media. 

Only in recent decades have techniques for elucidating the molecular origin of 
forces been developed. Specifically, chemical force microscopy (CFM) [6] uses the 
high precision and nanometer scale probe of atomic force microscopy (AFM) [7] 
to measure molecular and interfacial interactions. AFM uses nanometer-size probe 
tips mounted on flexible cantilevers with spring constants ranging from 0.01 N/m to 
100 N/m. These springs, coupled with Angstrém-level positioning precision of the 
microscope, provide a natural ability to measure forces in the 50 pN — 100 nN range. 
However, the use of standard commercial AFM tips as force probes is quite limited, 
since a generic chemical composition of a silicon nitride or a silicon (common 
materials in the microfabrication process) tip does not allow researchers to measure 
specific interactions such as, for example, molecular recognition forces involving 
organic functional groups. Thus, the tip-sample interaction is typically not well- 
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defined, and even though image contrast is observed, most AFM images are devoid 
of chemical information. 

Chemical force microscopy addresses these problems by introducing chemical 
modification of the AFM probes [6, 8]. Well-defined chemical interactions are cre- 
ated by coating the interacting surfaces with self-assembled monolayers (SAMs) 
terminated with specific organic functional groups. Such modification transforms 
AFM from a tool for measuring interactions of silicon probes with surfaces to a 
tool for measuring specific well-defined chemical interactions [9]. Careful design 
of the probe coating can also help deal with contamination, control the number of 
interacting molecules, and even separate different types of interactions spatially. 
This review presents the progress in applying CFM techniques for measuring equi- 
librium and time-dependent force profiles of molecular interactions, which has led 
to a greater understanding of the origin of interfacial forces in adhesion. Mea- 
surements of force profiles with chemically modified probes are more appropri- 
ately termed ‘chemical force spectroscopy’ (CFS) (where the spectrum represents 
‘force versus probe-surface distance’ dependence), while the term ‘chemical force 
microscopy’ (CFM) implies chemically sensitive imaging with such probes. While 
both names have been used interchangeably in the literature to describe the force- 
distance experiments, we will use the above nomenclature to make the distinc- 
tion. 


2. PROBING POTENTIAL ENERGY SURFACES WITH CHEMICAL FORCE 
SPECTROSCOPY 


Before we discuss probe modification strategies, we need to review the basic physics 
of interaction force measurements with a force microscope. AFM can provide 
critical information about potential energy surfaces through the measurement of 
force profiles. An equilibrium force profile is a derivative of a one-dimensional 
slice of the potential energy surface, where the reaction coordinate is defined by the 
pulling direction. The potential energy surface, which determines both energetics 
and dynamics of the interaction, can then be reconstructed by integration. The 
force acting on a modified AFM cantilever consists of the cantilever restoring 
(spring) force and the force originating from the interactions between the functional 
groups of the tip and the sample. In the simplest case, we can represent the tip— 
sample interaction with a single-well potential and assume a parabolic potential 
of a Hookean spring for the cantilever. The overall potential of the system, 
which determines equilibrium position of the cantilever, is a sum of these two 
potentials (Fig. 1). A simple analysis shows that depending on the cantilever 
stiffness the system can behave in two very different ways: (1) for stiff cantilevers, 
the spring potential is so steep that it prevents formation of secondary minima 
at all separations. Therefore, as the cantilever approaches and retracts from 
the surface, the forward and reverse curves coincide, and the probe can trace 
the entire potential energy well (Fig. 1A—C). (2) When the cantilever spring is 
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soft, the parabolic potential is shallow and secondary minima can emerge at 
certain separations, leading to sudden jumps of the cantilever towards the surface 
during approach and away from the surface during retraction (Fig. 1D-F). These 
instabilities cause hysteresis in the approach-retraction cycle and preclude the 
probe tip from sampling a large part of the energy well where the force gradient 
exceeds the cantilever spring stiffness. As the result, a force microscopy experiment 
can only map the regions close to the very top and very bottom of the energy 
well. Unfortunately, the second situation is overwhelmingly prevalent in CFM 
measurements due to steep potential energy gradients typical of the surface forces 
and the limitations imposed by AFM sensitivity and noise levels. Practically, it 
means that a large portion of CFM measurements is restricted to characterization 
of maximum interaction force, or the pull-off force, which is manifested by a 
sharp jump in the retraction portion of the force—distance curve. Fortunately, as 
we will show, these measurements can still offer a wealth of information about 
intermolecular interactions. 


A | | 
iw | | 
\\ \, Cantilever | | 
BB) || * BB | | BB | | 
S =| =| | 
w Be) | | a | 
{otal Sn | 
Interaction 
-6o- | 
Distance Distance Distance 
|| “WV Cantilever F | 
Ff . Total 


Energy 


—Oo- Interaction 


—oo- Interaction 


Distance Distance Distance 


Figure 1. Schematic potential energy surface diagram showing loading of a chemical bond (dotted 
curve potential) by an external spring (dashed curve potential). The total energy profile of the 
system is a sum of the two potentials (shown as a solid curve). Measurements with soft springs 
result in the system being trapped in a secondary minimum (E), whereas transition to the global 
minimum (as indicated by the gray line in F) does not allow to probe the potential profile in a quasi- 
equilibrium manner. When several local minima are present (soft spring loading shown in D-P), 
thermal fluctuations can drive the system over the barrier separating these two minima (as indicated 
by the gray dashed line in E). 
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3. CFM STUDIES OF FUNDAMENTAL NON-COVALENT INTERACTIONS 


The fundamental CFM results obtained in the Lieber group were detailed in our 
earlier review article [9], which is a good starting point on the basics of the CFM 
technique; therefore, only a brief summary will be given here. Lieber and co- 
workers showed that CFM could discriminate interactions between apolar and polar 
(hydrogen-bonding) groups, such as -CH3 and COOH [6, 8]. Histograms of adhe- 
sion forces observed in repeated pull-off measurements in ethanol for the tips and 
samples terminating with these groups clearly showed that probe functionalization 
influences the interaction strength. The trends observed in these experiments fol- 
lowed our intuitive expectations; hydrogen-bonding COOH groups show stronger 
adhesion than the CH; groups that can interact only through van der Waals interac- 
tions. Further studies extended this approach to a large number of different function- 
alities and solvents [9]. The advantage of direct force measurements with CFS was 
demonstrated for high-energy interfaces (such as COOH or OH groups in ethanol 
or water), where surface energies are not available by conventional contact-angle 
measurements because of complete wetting. The most striking feature of these CFS 
results is that they clearly showed that a simplistic model based solely on the pre- 
dominant type of chemically specific forces, that act between the functional groups 
attached to surfaces of the tip and sample, cannot adequately describe the trends that 
govern the interaction strength. Instead, if we want to rationalize and quantitatively 
predict these trends, a detailed analysis of the thermodynamics and kinetics of the 
interactions is necessary. We will outline the main approaches to this analysis in 
Section 5 of this review. 

The CFM approach was also useful for investigating double-layer interactions 
in aqueous solutions. Water is by far the most important solvent due to its role 
in biological and colloidal systems. A large number of surface functional groups 
can ionize in water giving rise to electrochemical interactions. Charging of the 
surface functional groups is accompanied by the redistribution of the counterions 
in solution, giving rise to double layer forces. Vezenov et al. showed that 
chemically-modified AFM tips and samples can probe the changes in solid—liquid 
interfacial free energies with pH [10]. By monitoring the adhesion force with an 
ionizable AFM probe, the authors detected changes in surface charge induced by 
the dissociation of acidic (COOH) or basic (NH2) groups on the surface. Variations 
in the sign and magnitude of the force indicated changes in the surface charge. 
Importantly, this work showed that an abrupt transition in the tip-sample force, 
from attractive to repulsive, occurred at a certain pH, attributed to the pK, of 
the functional groups on the surface. Researchers have termed such data ‘force 
titration curves’. As expected, non-ionizable functional groups did not produce 
force titration curves. Instead, they showed an approximately constant, finite 
adhesion interaction throughout the whole pH range. The use of probes terminating 
in hydrophilic non-ionizing groups (such as OH groups) as pK probes for unknown 
surface functionalities was also demonstrated. This new method of ‘chemical force 
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titration’ (CFT) provided a convenient way to determine the pK, of the surface 
groups, potentially with a nanometer scale lateral resolution. 

Contact angles (CAs), measured using buffered solution droplets on the same 
surfaces, also showed a sharp transition (an increase in wettability) as the droplet 
pH was varied. Both local force microscopy measurements using a modified probe 
tip and macroscopic wetting studies provided very similar values for the pK 1,2 (i.e., 
the pH at which adhesion or CA changes by a factor of two) of the surface amine 
group for disordered amine-terminated siloxane SAMs, although these values were 
6 pK units lower than the typical bulk solution values. Vezenov et al. also used CFT 
to determine pK values for COOH-terminated surfaces and found that the pK1/2 of 
the surface-confined carboxylic acid was approx. 5.5, very similar to the pK, of 
the COOH functionality in aqueous solution. Similar results for these groups were 
obtained by van der Vegte and Hadziioannou [11] and by He er al. [12]. 

Noy et al. also demonstrated that CFS was well suited to probe single molecule 
forces and elasticity of synthetic DNA oligomers [13]. While adhesion interactions 
between biological molecules is an important topic in the force spectroscopy 
literature, we will, for the most part, leave this subject out of the scope of this review 
and focus on simpler organic, or ‘soft matter’, systems of SAMs. Applications 
of CFM to polymers also deserve a separate summary (see, e.g., the work by 
the Vancso group [14—21]). In addition, while CFM uses chemical sensitivity 
of friction forces to map the distribution of the chemical functionality on the 
surface [9], we will only mention relevant studies in the context of adhesive contact 
between functionalized tips and samples. 


4, CHEMICAL FUNCTIONALIZATION OF FORCE PROBES 


Formation of thiol self-assembled monolayers on gold-coated tips has become 
the most widely used method for chemical modification of AFM tips since the 
introduction of chemical force microscopy by the Lieber group [6, 8, 22]. Several 
other methods for covalent attachment of functionalized monolayers have been 
investigated in detail since then (Table 1): (1) formation of siloxane self-assembled 
monolayers on silicon nitride AFM probes with [23] and without [24] surface oxide 
layer and on tungsten probes [25]; (2) attachment of alkyl monolayers on silicon 
probes with direct Si—C bond [26], and (3) functionalization of carbon nanotube 
(NT) probes [27, 28]. We found that the use of silver instead of gold produces 
similar results in CFS [29]. Fresh thiol SAM can be prepared on regenerated Au- 
coated tips after removal of organic monolayer in plasma oxidation followed by 
reduction of the Au surface in hot (65°C) ethanol [30]. CFM was further advanced 
in the Lieber laboratory using carbon nanotubes as AFM probes [27] and a review 
of this work is available [31]. The small size of the probe and the capability 
of chemical functionalization make nanotube tips ideal for trying to achieve the 
ultimate lateral resolution in CFM; however, the commercial availability and mass 
production of such probes remain a problem. 
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Table 1. 
Methods for chemical modification of the AFM probes 
Probe Treatment Attached Conditions Reference 
material molecule/group 
Sior SiN, Cr¢(Ti/Au HS—(CH2), -—X 1 mM in ethanol, [6, 9] 
1-24h 
Si or SiN, Cr(Ti/Ag HS—(CH?2), —X 1 mM in ethanol, [29] 
1-24h 
SiN, O3 30 min, 0.5 M Cl3Si—(CH2),, -CH=CH2 1 mM indehydrated  [9, 23] 
NaOH 20 min, 0.1 M toluene, 4h 
HCI 10 min, 0.5 M 10-30 min at 120°C 
NaOH 10 min 
Dry 120°C, 10 min 
SiN, Piranha solution Cl3Si—(CH?2)17 -CH3 2-5 mM in hexa- [24] 
(H2S04/30% Cl3Si—(CH?2)11—-Br decane/chloroform 
H20>, 7:3), (4:1, v), approx. 
110°C, 15-20 min 12h 
49% HF, 1 min 
Si 8% NHaF 1 min CH2=CH—(CH2)9—CH neat, UV light, 2h [26] 
CH2=CH—(CF2)9 —CF3 
Si Piranha solution CH30(CH2CH20)3— degassed 0.1 M in {62] 
(H2SO04/ 30% —(CH2)9 -CH=CH?2 freshly distilled 
H202, 7:3), mesitylene under 
80°C Ng, reflux, 2h 
2% HF, 1 min 
W Electrochemical Cl38i—(CH2) 17 —CH3 0.2-0.5% in [25] 
etch, 2 M KOH, hexadecane (70%)/ 
6 Vac Preheat chloroform (30%), 
1600°C 18h 
Carbon Bias voltage between —COOH Shortened NT, as is (27, 28, 31] 
nanotube NT and Nb substrate —CONH—C.6Hs NT+5mM 
(NT) in O2 atmosphere benzylamine 
—CONHCH2CH2NH2 NT +5 mM 
ethylenediamine 
in pH 6 buffer 
containing 50 mM 
carbodiimide, 2h 
N> atmosphere —NH)2 Shortened NT as is 
H2 atmosphere =CH2, —CH3 Shortened NT as is 


5. THEORETICAL MODELS OF CFS 


5.1. Thermodynamic model of quasi-static CFS 


5.1.1. Contact mechanics approach to tip~surface contact in CFM. Although 
force microscopy with sharp probes approaches the limit of point contact, in actual 
CFM experiments the number of interacting molecular species remains on the order 
of tens to hundreds, unless carbon nanotube probes are used. An attempt to estimate 
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the number of molecular contacts found that continuum contact mechanics theories 
provided a surprisingly reasonable framework for interpretation of CFM data even 
at the nanoscopic level. Limitations to contact mechanics models could still be 
encountered in the lower range of the nanoscopic regime or when the interaction 
was specific. 

When coming into contact, two elastic bodies of radii of curvature, R; and Ro, 
and effective radius R: 


R= (1/R, +1/R2)", (1) 


deform due both to repulsive forces (Born repulsion) within the area of contact and 
attractive forces near the edge of the contact zone as well as outside of it. Since the 
Born repulsion is extremely steep, the interatomic distances within the contact zone 
differ little and, thus, this area can be considered to be a flat circle of radius a. For 
repulsive-only interactions (Hertz model), the dependence of the contact area size 
on an external load, P, is well known: 


3 RP 
a= kK? (2) 
where 
ca t(t tay (3) 
3 Ey E, ; 


is the effective elastic constant of the system (v is the Poisson ratio and & is the 
Young’s modulus). Inclusion of more realistic potentials is not straightforward, 
because interaction force depends on the intermolecular separation; in other words, 
it is defined by the surface profile of the deformed sphere, which, in turn, depends 
on the interaction force. One can decouple the force-surface profile dependency by 
assuming that (1) the profile does not change because of the presence of attractive 
forces outside the contact zone, or (2) attractive forces act only within the contact 
area (zero range forces). The first option means that the forces are based on the 
Hertz result and it leads to the DMT (Derjaguin, Muller and Toporov) model of 
adhesion [32]: the radius a and the stress distribution are given by Hertz equations 
with external load substituted by the total force, which includes adhesion Fy, 
P + F,. The force of adhesion is then given by F, = 27RW132, where W132 is the 
thermodynamic work of adhesion, given by a balance of interfacial free energies 
Wi32 = v3 + ¥23 — Y12- 

The second choice, implemented in the JKR (Johnson, Kendall and Roberts) 
model [33], results in a different stress distribution: compressive in the center of 
the contact zone, changing to tensile when approaching the boundary (and zero 
outside the contact circle). Using the energy minimization approach, JKR predicted 
that the contact radius can be derived from Hertz equation when the external load P 
is substituted by an apparent load P,: 


RP 
a= —, Pi = P+30WioR+V6rWiyRP + BxWix2R)?. (4) 


K ’ 
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Alternatively, the problem of separation of the two surfaces can be treated within the 
formalism of the linear fracture mechanics: the mechanical energy made available 
through the crack growth, the energy release rate G (i.e. rate of change in strain 
energy with area), is used to overcome the surface energy of newly created surfaces 
(so-called Griffith criterion for stability of the crack: G = Wy)32). This leads to 
an equation for the energy release rate equivalent to the energy minimization result 
above [34]: 


(P| — P)? = (Ka?/R — P)? 
62RP, 6x Ka3 


The requirement for P; to remain real results in the JKR expression for the force of 
adhesion: 


Wi322 = G = (5) 


3 
F,= at RWi32 (6) 
The JKR theory predicts a finite radius of contact under zero external load and when 
surfaces separate: 


670 W132 R? us Q0(KR) 
doaKR) = { —-— and dsaKR) = aya 0.63a KR); 


respectively. Dividing the contact area at pull-off, as, by the area occupied by a 
single functional group allows an estimate of the number of molecular contacts to 
be made. The corresponding quantities for the DMT theory are 


2m Wy32R? \ 1? 
aypmt) = | —--—— and agpmt) = 0. 


The estimate of the number of molecular contacts must consider the range of 
intermolecular forces, Zo. 

The two models differ substantially in predicted contact area, force of adhesion 
and surface profile. After some heated debate in the literature, numerical calcu- 
lations based on the Lennard—Jones potential showed [35] that the DMT and JKR 
results corresponded to the opposite ends of a spectrum of a non-dimensional para- 
meter (so-called Tabor elasticity parameter): 


16 RW2 \'? 
u=( ) : (7) 


9 Kz 
where Zo is the equilibrium distance in the Lennard—Jones potential. This parameter 
asserts the relative importance of the deformation under surface forces: for u < 0.1 
the DMT model is appropriate, for 4 > 5 the JKR model applies. Although the 
JKR model predicts infinite stresses at the perimeter of the contact zone, whereas 


the DMT model predicts discontinuous stress, no discontinuity was observed in the 
numerical results. 
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Figure 2. The Maugis—Dugdale stress distribution is a sum of two terms: the Hertz pressure py acting 
on the area of radius a and adhesion tension pag acting on the area confined by radius c. 


To avoid self-consistent calculations based on a specific potential, Maugis pro- 
duced an analytical solution to this problem [34] using the Dugdale approximation 
that the adhesion stress has a constant value oo (theoretical stress) until a separation 
ho = W/o is reached at radius c, whereupon it falls to zero (Fig. 2). The external 
load is given by (m = c/a): 


P=@- na? (v/m? —1+m? arccos(I/m)), (8) 


where A is a measure of the ratio of the elastic deformation to the range of surface 
forces and a and P are, respectively, the scaled radius of the contact zone and 
external load: 


2\ 1/3 a - P 
A = 209{ —— = LAGh,.@ => aa. = See (9) 
mW (7 WR*/K)'/3 aWR 
The elasticity parameter A is related to m through: 
1 
5Aa?| (mn? — 2) arccos(1/m) + ¥m? — 1] 
4 
a =al Vin? — Larccos(1/m) —m + 1] SF, (10) 
When A is increased, m — 1 and the JKR limit is recovered: 
P =a —V6a3 = P, —/6P). (11) 
When d is decreased, m — oo and the DMT limit is achieved: 
P =a -2. (12) 


The Maugis—Dugdale (MD) model is an accurate representation of the adhesion 
in the presence of a liquid meniscus (constant pressure inside the meniscus). 


Chemical force microscopy 199 


Knowing the functional form of the contact area dependence on the load is crucial 
to interpretation of friction data, which will depend on both shear strength of the 
contact and its size. The difficulty with the MD theory is that it does not easily lend 
itself to fitting experimental data. This issue was addressed by Carpick et al. [36] 
who demonstrated that a simple general equation, 


a -( t= P/F) 


lta Ge) 


ada) 


closely approximates Maugis’ solution and can be used to fit experimental data on 
contact area (friction), Numerical results are then used to obtain the Tabor parameter 
from the fitting parameter a (@ = 0 corresponds exactly to the DMT case, a = 1 
corresponds exactly to the JKR case). 

The development of contact mechanics models and adhesion measurement tech- 
niques over the past few years prompted Johnson to construct an ‘adhesion map’ 
of the applicability of particular models depending on the parameter yz and applied 
forces [37]. In the CFM, high-modulus materials (100 GPa) and tip radii ~100 nm 
result in 4 < 1; thus, CFM experiments fall into a ‘transition’ zone. Johnson notes, 
however, that from comparison with numerical calculations for zp < 0.3 the com- 
pliance of an adhesive contact (external load versus compression) and computed 
contact radii are well represented by the JKR equations. Therefore, it appears that 
JKR equations give good predictions, even under conditions well outside the ex- 
pected JKR zone. We note that it is impossible to place a given system in the 
respective contact mechanics regime based on adhesion force measurement alone, 
since contact area is not measured independently. An estimate of the Tabor elas- 
ticity parameter is preferred in this case, although this approach still needs to make 
assumptions about effective elastic constant of the monolayer/substrate system. 


3.1.2. Intermolecular force components theory. The sphere-on-flat tip-sample 
geometry of AFM does not correspond to the interaction between two atoms. The 
Lennard—Jones potential typically used to represent interaction between molecular 
species (with minimum energy &9), 


=7 -13 
Fonsi (@) o[-(2) + (=) i (14) 
£0/To Z0 20 


has to be modified for the CFM geometry to account for multiple intermolecular 
pairs. The fundamental 1/z’ law of attraction for dispersion forces between 
molecules was first derived by London based on second-order perturbation theory. 
An alternative approach by Dzyaloshinskii, Lifshitz and Pitaevskii (DLP) [38] 
relates van der Waals (vdW) forces to bulk spectroscopic properties of materials. 
However, quantum field theory of DLP produces an analytically useful result only 
in the case of vdW pressure between two semi-infinite dielectric slabs separated by 
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a third medium: 


Al 
IQ) =e (15) 


where A is the (non-retarded) Hamaker constant, which is related to detailed 
dielectric behavior through a complete electromagnetic spectrum. 

The two methods (macro and microscopic) converge in Hamaker’s approach: 
from the power law for intermolecular interactions, Fyotec(z) = —C/z’, the 
macroscopic vdW force, between bodies 1 and 2 with molecular densities o; and 
2, can be obtained by volume integration of the pairwise interactions: 


Tp \p2C 
2=-—s:: 
f(z) 363 
Thus, London’s result for energy of interactions across vacuum (fh is Planck’s 
constant, @ is atomic polarizability and v, is characteristic electronic absorption 
frequency) [39]: 


where 01(2C = 6A/n?. (16) 


3 | Veer O12 
U, 12) = -—-h ————_ —-, 17 
molec ( ) An Vel + ie z6 ( ) 
leads to a geometrical mean combining rule for the corresponding Hamaker 
constants (ve; * v,2) and surface free energies for bodies interacting via Lifshitz— 
van der Waals (LW) forces: 


Aix, = £VAiziA22 and yQY = fyb yp. (18) 


The pull-off forces, as described in the contact mechanics models, depend on the 
surface energetics through the thermodynamic work of adhesion. In associating sol- 
vents and for polar surfaces, it is important to take a proper account of both additive 
(symmetric) van der Waals interactions and complimentary (asymmetric) electron 
donor-acceptor interactions (hydrogen bonding). Donor-acceptor or Lewis acid— 
base interactions are short-ranged (contact) forces and are not accounted for in Lon- 
don or Lifshitz treatment of weak intermolecular forces. These interactions, how- 
ever, influence thermodynamic data and, thus, must be included in computational 
models for analysis and prediction of physico-chemical properties; for example, in 
solvation models and the linear free energy relationship approaches. 

Hydrogen bonding interactions operate over the background of omnipresent dis- 
persion forces. While the dispersion forces for dielectrics are often very similar in 
magnitude, the hydrogen bonding interaction differentiates various classes of or- 
ganic functional groups quite dramatically. One can compare, for example, boil- 
ing points of homologous hydrocarbons and alcohols or adhesion forces between 
CH;3/CH3 and COOH/COOH pairs. 

Various scales for acidity exist. Acid—base interactions (or hydrogen bonding) can 
be treated as the formation of a complex (however weak) and one can draw parallels 
with Klopman’s theory of chemical reactivity based on the concept of charge and 
frontier-controlled reactions [40]. Perturbation theory predicts that the energy of 
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the two systems R and S, interacting through atoms r and s, is given by the sum of 
(1) the contribution aps from the total electronic charge density, pee Cy, or charge- 
controlled effects and (2) the contribution Brs from the frontier (lowest unoccupied 
and highest occupied molecular orbitals) electron density, (ci)? , or covalent-type 


effects: 


occupied unoccupied , , 
AE = A E charge + A Efrontier = ( S (cn)? ye (4) a — (ci") (c2) Brs- 


m n 

(19) 
Therefore, this approach argues for separation of interactions at interfaces into two 
terms, due to total electron density and due to more localized interactions. The form 
of the equation also suggests that each term can be represented as a product of the 
parameters corresponding to individual interacting molecular species. Drago has 
proposed and successfully used an equation of this type to quantitatively predict 
enthalpies of formation for weak acid—base complexes in solution [41]. 

A successful scale of the same type for the strength of acid—base interactions 
was included in the theory of surface free energy proposed by Fowkes, van 
Oss, Chaudhury and Good (F-vOCG) [5]. They recognized that two values of 
polar surface tension components were needed to represent electron accepting and 
electron donating abilities in combining relations. In this model, the total surface 
tension of a polar system is separated into Lifshitz—-van der Waals, y'”, and Lewis 
acid, y*, and Lewis base, y~, components: 


You = y™ + 8, (20) 


where y“8 = 2,/y+y~. For cross-interactions, combining rules apply: 


mel w+ Vin ty» (21) 


and the solid—liquid interfacial tension is then given by: 


you = ysv + nv — 2( RR” + vvvey + rr) os 
2 
= (re — VoRY) +20 / nto + bye — Vern - rena) 


The interpretation of adhesion measurements in liquids can be complicated if all 
components are involved in acid—base interactions. Although there is no solid 
fundamental theoretical basis for applying the geometric mean combining rule for 
interactions of the acid-base type (unlike for LW interactions), the F-vOCG model 
has been successfully used in examining surface energies in polymer systems and 
organic liquids using CFM. 
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5.2. Kinetic model of CFS 


5.2.1. Dynamics of tip-sample interactions. The thermodynamic models sum- 
marized in the previous section clearly show that we expect CFM measurements 
to be sensitive to the interfacial free energy, i.e., to specific types of intermolecular 
interactions. A detailed analysis of these measurements, however, is more compli- 
cated, because they involve multiple chemical bonds, which are not always loaded 
by macroscopic springs in an equilibrium manner. To extract quantitative informa- 
tion about intermolecular interactions from these measurements, we need to provide 
a rigorous time-dependent model description of the CFM experiment. In Section 1 
we have briefly touched on the dynamics of the cantilever-sample system. We now 
need to consider how loading by an AFM cantilever changes the tip—sample inter- 
actions. We assume that the tip-sample interaction is described by a single potential 
well (which we will call a ‘bond potential’), and the cantilever behaves as an ideal 
Hookean spring represented by a parabolic potential. Addition of the cantilever po- 
tential to the bond potential leads to the emergence of a secondary minimum on 
the potential energy surface, which typically represents the unbound state (Fig. 1E). 
The dynamics of the system is then determined by the transition from the primary 
minimum to this secondary minimum. Let us consider how external loading force 
changes the thermodynamics and kinetics of the transition between bound and un- 
bound states. In the most general case, the dynamics of this two-well system in- 
volves two elementary first-order processes, unbinding and rebinding, with each 
process characterized by a rate constant. 


Bound ib Unbound 


ce (23) 
Bound < Unbound. 


As Bell showed in his pioneering work [42], loading the system in the direction of 
unbound state lowers the barrier to unbinding and simultaneously raises the barrier 
to rebinding. Consequently, loading by tensile force F leads to amplification of 
unbinding rate constant, kynp, and retardation of the rebinding rate constant, kyep 
(kg is Boltzmann’s constant, T is the temperature): 


Fxy 

Kunb = ae “eae, (24) 
—F-x— 

Krep = eae ce ‘BT, (25) 


where x;” denotes the distance to the transition state from the bottom of the primary 
well and x; is the corresponding distance from the bottom of the secondary, 
cantilever-induced potential well. One of the key points is that the distance x,;~ 
is mostly determined by the cantilever potential (Fig. 1), which can cause surprising 
variations in unbinding dynamics. Stiff springs place the secondary well relatively 
close to the transition barrier, while shallow potentials of weak springs place the 
secondary minimum far away. Equation (25) then predicts that the rebinding process 
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becomes extremely slow when the bond is stretched by a soft spring. Another 
key point is that in most CFM experiments the loading force rarely stays constant 
during the loading process and almost always ramps up linearly, as the piezoelectric 
scanner retracts from the surface at a constant speed. 

A simple qualitative analysis shows that the unbinding transition can happen 
in two different regimes, determined by the rate of bond loading. Under slow 
loading of the bond, the unbinding proceeds as an equilibrium process and the force 
necessary to break the adhesive junction is simply determined by the energy balance 
between bound and unbound states. Alternatively, if the loading rate is comparable 
with the rate of at least one of the processes described by equations (23), the system 
never reaches equilibrium and the unbinding proceeds under kinetic control. One 
direct consequence of this conclusion is that the unbinding force becomes very 
dependent on how the bond is loaded; in other words, the loading history starts 
to play a critical role. Before we consider these regimes in more details, we note 
that equilibrium unbinding imposes extremely restrictive conditions on the system. 
In particular, to achieve equilibrium we need to load the bond slower than the 
rebinding rate, a situation which does not happen often due to the exponential 
retardation of the rebinding rate by the external load. Equation (25) indicates that for 
realistic loading rates the best chance to observe the equilibrium unbinding is with 
the systems that feature deep bond potentials (i.e. large kag) and short distances 
from the secondary well to the transition state. In practical terms, it means that we 
can observe equilibrium unbinding only in multi-bond systems stretched slowly by 
stiff springs, although even in this case the system would transition into the non- 
equilibrium unbinding regime with increase of the loading rate. As a general rule, 
most of the single-molecule bond measurements always happen in non-equilibrium 
regime. Tethering interacting molecules to the AFM tip with long flexible linkers, 
which is a popular technique for studying biological interactions, also leads to non- 
equilibrium unbinding [43, 44]. In this case the bond is effectively stretched by the 
entropic elasticity of the polymer tether, which is equivalent to a very weak spring. 


5.2.2. Non-equilibrium unbinding: kinetic model of bond strength. As men- 
tioned in Section 5.2.1, we typically encounter non-equilibrium unbinding when 
strong chemical bonds are stretched with soft springs which place the probe-induced 
energy minimum far away from the transition state. This situation is common for 
routine CFM adhesion measurements; therefore, we will consider it in detail. Fig- 
ure 3 shows the energy diagram for this case, which is somewhat simpler than the 
generalized energy diagram presented in Fig. 1. In this case, the spring potential 
is so shallow that any significant movement along the reaction coordinate does not 
change the applied force appreciably. Therefore, we can approximate the potential 
of the cantilever by a linear function instead of a parabola. In this case, the external 
force lowers the energy barrier simply by tilting the interaction potential (Fig. 3). 

Evans and Ritchie [45] developed a detailed description of the unbinding process 
in this regime based on Kramers’ theory of thermally-assisted barrier crossing in 
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Figure 3. An energy diagram illustrating the effect of the external loading force on the interaction 
potential in the case of loading a sharp barrier with a weak spring. Ep is the depth of potential energy 
well and xg is the distance to the transition state along the bond-stretching direction. 


liquids [46]. Evans’ model describes an irreversible escape from the bound state as 
the potential tilts under the influence of the external loading force. This model 
completely neglects rebinding; therefore, the magnitude of thermal fluctuations 
and the interaction parameters define a finite lifetime of the adhesive bond in the 
absence of loading force. Loading the bond amplifies the escape rate exponentially, 
according to equation (24), and as the result, the system has a higher probability 
to reach the top of the barrier and escape from the well. The loading force 
increases linearly with time during a typical CFM experiment; therefore, the 
potential landscape is constantly changing as the loading force keeps tilting the 
barrier. Qualitatively, at lower applied forces the barrier is still too high for the 
thermally-activated transition to happen and at higher applied forces the transition 
has most likely happened already. In other words, the unbinding of a chemical bond 
under external load does happen in a fairly narrow range of the applied forces, which 
ultimately defines the bond strength that we register in the experiment. 

Quantitative analysis verifies this intuitive picture. Evans and Ritchie [45] solved 
the kinetic equations for the case of linear loading at constant rate, r;, to find the 
most probable detachment force. They obtained the following expression for the 
pull-off force [47]: 


kgT r, 
S pull-off = ae in( ), (26) 


XB ro 
where ro is defined as: 


kpT 1 
p= = (27) 


Xp tp exp(;£%) 
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Here Tp represents the inverse of the diffusion-limited attempt frequency, Eo is 
the depth of energy well and xg is the distance to the transition state. Immediately, 
we can see from equation (26) that the pull-off force increases logarithmically 
as the loading rate r; increases. Thus, bond strength can vary quite significantly 
over a wide range of loading rates. Moreover, the slope of this dependence 
provides the value of the distance to the potential barrier, xg. Evans and co-workers 
[48] demonstrated this behavior in a dynamic force spectroscopy experiment by 
measuring the interaction between biotin ligands and avidin or streptavidin proteins 
over many decades of loading rate (Fig. 4). Subsequently, researchers used dynamic 
force spectroscopy to study energy landscapes of single bonds for a number of 
interactions between biological and chemical species, such as DNA [49, 50], RNA 
[51], proteins and ligands [52, 53] and enzymes and drugs [54]. Table 2 summarizes 
some of these results. 

CFM often involves studying multiple individual bonds connected in parallel. 
Evans and Williams considered the kinetics of the bond rupture in such sys- 
tems [43,44]. We can simplify the analysis by assuming that all the bonds are 
correlated, i.e. they share a single reaction coordinate. Then the system can be an- 
alyzed as a single ‘macro-bond’ with the total potential equal to the sum of the po- 
tentials of individual components [44]. For the serial loading of N identical bonds, 
Evans and Williams obtained the following expression for the unbinding force: 


kpT '¢ (N — 1)Eo 
-off = —— In| —N ———— } ]. 
Spuli-off xp n( i exp( kaT )) (28) 


Qualitatively, in case of parallel loading of N bonds the binding force is only 
slightly smaller than N times single-bond strength. One of the most important 
features of this case is that the distance scale of the interactions is unchanged, i.e., 
the width of the potential for the ‘macro-bond’ is still equal to the width of the 
potential for a single bond. Moreover, the scaling of the bond strength with the 
loading rate predicted by the kinetic model for a single bond case is still valid. 

We can use the dynamic force spectroscopy measurement to determine the 
width of the interaction potential using CFM experiments that provide an almost 
ideal parallel loading case due to the configuration constraints imposed by the 
rigid self-assembled monolayers. Noy and co-workers [55] demonstrated such 
measurement for the interactions of COOH-terminated surfaces (Fig. 5) and for 
interactions of mica surface with Si3N4-terminated probe. Remarkably, both cases 
show the distinctive behavior predicted by our analysis. When the tip-sample 
junction was loaded slowly, the unbinding force was virtually independent of the 
loading rate, indicating unbinding in the equilibrium regime. As the loading rate 
increased further, the system transitioned to the non-equilibrium unbinding, leading 
to a characteristic exponential increase in the binding force with the loading rate. 
The measured slope of this increase provides the distance to the transition state 
of 0.6 A for the interactions between COOH functionalities. The distance to 
the transition state is significantly shorter than the values typically observed for 
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Figure 4. Dynamic force spectroscopy measurements of the strength of biotin—-streptavidin (circles) 
and biotin—avidin (triangles) bonds. Biotin-streptavidin data show activation barriers at 0.5 nm and 
0.12 nm (derived from the corresponding slopes using equation (26)). Biotin-avidin pair also shows 
an inner barrier at 0.12 nm; but the outer barrier shifts to 0.3 nm (dashed line). In addition, at very 
low loading rates the biotin-avidin force spectrum exhibits a low-strength regime (dashed line) that 
corresponds to a barrier at 3 nm. Preprinted from Ref. [101] with permission. 


Table 2. 
Interaction potential parameters for various single bond systems determined using dynamic force 
spectroscopy 


Experimental system xg (nm) kunb (87!) Reference 
12-mer DNA 0.58 [49] 
12-mer RNA 0.67 0.39 [51] 
12-mer RNA with UCU bulge 0.37 7.94 (51] 
10, 20 and 30-base pair DNA 0.7 + 0.07 « n@ 103-05" [50] 
Titin 127 domains 0.32 2.9 x 1074 [52] 
Immunobiotin-Streptavidin 0.57 0.2 [53] 
0.13 69 
Dihydrofolate reductase/methotrexate 0.3 [54] 


@n = number of bp. 


interactions between biological macromolecules (Table 2), which is reasonable to 
expect considering the size difference. Interestingly, this value is comparable to the 
barrier width per base pair (0.7 A) obtained by Strunz et al. in the DNA unbinding 
experiments [50]. It is tempting to assign the value obtained in the CFM experiment 
to the hydrogen bond potential, but, as we will show in Section 7, the interpretation 
is more complicated. 
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Figure 5. Binding forces (adhesion) between COOH-modified probe and sample in ethanol plotted 
as a function of loading rate. Lines indicate fits according to equation (25) in the equilibrium (slow 
loading, <10~8 N/s) and non-equilibrium (fast loading, > 1078 N/s) unbinding regimes. 


6. VALIDITY OF CONTACT MECHANICS DESCRIPTION OF CFM 
EXPERIMENTS 


Although the theoretical framework of contact mechanics has been applied to 
interpret CFS results since its original report [6], it is remarkable that one can 
even turn to continuum models as a valid approach for interpretation of experiments 
conducted at the nanometer scale, when only a limited number (tens to hundreds) 
of molecular species participate in the formation of the contact. Several issues can 
cast doubt on applicability of continuum mechanics down to the nanometer scale 
regime. Do SAM-coated tips and samples follow the JKR model of adhesion? How 
significant is the idealization of the tip and sample shapes? Can one accurately 
determine effective radius of the CFM probes? What is the effective elastic constant 
in the system? Do the relationships and trends predicted by the contact mechanics 
model hold in experimental observations? Several experiments reported in the last 
few years confirmed, in a systematic manner, the general validity of the contact 
mechanics description of the CFM experiments. 


6.1. Determination of the tip radius 


Three methods for tip characterization have been applied in CFM: (1) tip imaging 
using scanning electron microscopy provides a direct measure of the radius and 
is the most common approach [9, 56-58]; (2) ‘standard’ system (e.g.. CH3— 
H,O—CHs) provides the benchmarked work of adhesion to define effective tip 
radius from adhesion force measurements and selected contact mechanics model, 
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e.g., R = F,/ (32 W132) [59, 60]; (3) tip characterizers, such as sharp Si spikes [58] 
on a flat surface, atomically sharp features on the (305) face of SrTiO; [61], or the 
sample itself [62], are used to image tip shape with a scanning probe microscope, 
and tip radius is found with blind tip reconstruction algorithms based on image 
morphology operations. The results from the last method were compared with the 
estimates from the direct SEM imaging of the tips by Tormoen et al. [58], who 
found an excellent agreement between the two techniques. 


6.2. Effect of the substrate and tip curvatures: scaling of adhesion with effective tip 
radius 


One of the advantages of using point probe experiments in adhesion studies is that 
the requirements to the surface quality in order to achieve molecularly smooth con- 
tact are reduced by virtue of nanometer size dimensions of the contact. Contact 
mechanics predicts that pull-off forces in CFS are directly proportional to effec- 
tive radius defined by equation (1). One can immediately recognize, however, that 
substrate roughness, e.g., local variations in the substrate radius of curvature will 
affect the magnitude of adhesion. For example, analysis of force and topography 
maps from AFM measurements on a chemically homogeneous, hydrophobic sam- 
ple, silanized etched silicon [63], showed unambiguous direct correlation between 
substrate’s local curvature and the force of adhesion (Fig. 6). Performing CFS on 
a HS(CH2);sCOOH/HS(CH2),;sCOOH pair in ethanol, McKendry et al. observed 
{64] a greater than a factor of two reduction in the width of adhesion force distribu- 
tion when they switched from polycrystalline Au substrates to predominantly single 
crystalline annealed Au on mica substrates. A similar observation was made in the 
work of Fujihira and co-workers [65], who measured adhesion in water and used 
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Figure 6. Relationships between adhesion (pull-off force) and the second derivative of substrate 
topography (silanized etched Si). Reproduced from Ref. [63]. 


Chemical force microscopy 209 


the same HS(CH2),9CH3; terminated tip on several HS(CH2);;CH3-modified sub- 
strates: (1) 11-nm sputtered Au film, (2) 110-nm sputtered Au film and (3) annealed 
Au(111) on mica (Fig. 7). A direct correlation was observed in cross sections taken 
from topography and adhesion maps. The width of the distribution (of) and mean 
force were dramatically affected by the nature and quality of the Au layer: of val- 
ues were 2 nN, 3 nN and 0.45 nN for substrates (1)—(3), respectively. Au substrates 
presenting large areas of the (111) face had the same mean value of adhesion, while 
having a factor of five smaller standard deviation. This finding demonstrates that the 
width of local curvature distribution of the substrate is a primary factor responsible 
for the width of adhesion force distributions for chemically identical tip-sample 
combinations. Thus, one needs to exercise caution in statistical treatments of force 
fluctuations in CFS, a significant contribution to of could arise from the distribution 
of asperity curvature at pull-off. 

Skulason and Frisbie probed systematically [56] the relationship between the 
tip radius and force of adhesion, F,, measured in CFS of hydrophobic contacts 
(CH3/CH3) in water. For tip radii ranging from R = 15 nm to 125 nm, they 
observed a remarkably good linear correlation between mean F, and R. Moreover, 
when they also considered substrate roughness (radius of curvature of Au grains) 
in defining effective radius (equation (1)), the linear fit had a zero intercept, as 
expected from the predictions of contact mechanics models (Fig. 8). From the slope 
of the least-squares linear fit, 0.52 + 0.05 N/m, and value for thermodynamic work 
of adhesion in the CH; -H2O—CH; system, 103 mJ/m*”, one can derive the value of 
the coefficient in the equation for the force of adhesion, (1.59 + 0.15)zr, very close 
to the 1.57 value of the JKR model. 


6.3. Scaling of adhesion force with interfacial free energy 


To preserve geometrical parameters of the system, researchers have used the same 
tip—sample pair both terminating in CH3 groups and determined the force of 
adhesion in a series of methanol water mixtures, where interfacial free energy could 
be varied by changing the composition of the solvent [29]. Combining results 
from the adhesion force measurements with the contact angle data on these low 
surface energy CH3 monolayers, Vezenov et al. [29] observed that there was a 
direct, linear correlation between adhesion forces and corresponding interfacial free 
energy values determined with contact angles (Fig. 9). The interfacial free energy 
for identical non-polar surface groups was found not to exceed 2 mJ/m? in these 
experiments. 


6.4. Change of contact area with applied load 


The main weakness of CFS in deriving adhesion values is its inability to obtain 
independent measure of the contact area. Frequently, a tip—sample friction force 
is assumed to provide a simultaneous measurement of the contact area on the 
assumption that friction is proportional to the actual contact area and interfacial 
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Figure 7. Histograms of adhesion force mappings using the same CH3-terminated tip on 
HS(CH2)i9CH3 SAMs formed on: (A) 11-nm-thick sputtered gold, (B) 110-nm-thick sputtered gold, 
(C) 100-nm-thick thermally-evaporated Au(1 1 1) on mica and (D) same as (A). The sequence of CFS 
measurements was (A)-(B)-(C)-(D). Reproduced from Ref. [65] with permission. 
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Abstract—The pull-off forces were measured between hexadecanethiol monolayers, self-assembled 
on gold-coated silicon nitride cantilever tip and silicon wafer, using atomic force microscopy (AFM). 
The blind tip reconstruction technique was used for determination of the curvature of the AFM tip. The 
measured pull-off force value remained practically unaffected by a variation of the maximum applied 
load in a range of 5-80 nN. This result suggests that the use of continuum elastic contact mechanics 
in the analysis of AFM pull-off force measurements is not as straightforward as usually assumed in 
the literature reports on similar systems. The surface free energy of hexadecanethiol monolayer on 
a gold film of y = 24-27 mJ/ m2 was calculated based on the pull-off forces (F), measured using 
R = 60-80 nm radius tips, and next applying the Derjaguin approximation: F = 47Ry. These 
y-values were found to match the surface free energy value calculated from contact angle data and 
using Lewis acid-base interfacial free energy theory. 


Keywords: Adhesion; atomic force microscopy; blind tip reconstruction; pull-off force; self-assembled 
monolayer; surface free energy. 


1. INTRODUCTION 


Force measurements made with an atomic force microscope (AFM) using surfaces 
modified with a chemically-linked self-assembled monolayer (SAM), categorized as 
chemical force microscopy (CFM), have become an area of intensive fundamental 
research [1]. SAMs of organic molecules form very regular, close-packed structures 
on selected inorganic solids by reacting one end group with a solid surface whereas 
the other end group is exposed to the environment [2]. Generally, SAMs are 
fabricated using thiols adsorbed from solution onto a gold-coated AFM probe 
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and flat gold-coated substrate because of the relatively smooth surfaces that can 
be prepared via gold deposition and rapid self-assembly kinetics of monolayer 
formation, with reproducible molecular structure. Utilizing the CFM method, 
chemical functionality and surface roughness can be controlled and quantitative 
information is much simpler to extract from the experimental data. 

Starting around 1995, several papers have been published discussing the topic 
of CFM pull-off force and friction force measurements [1, 3-16]. In the present 
research, SAMs terminated with a CH3-end group were used due to well-defined 
surface properties of monolayers studied in many laboratories around the world. 

The most consistent pull-off force studies involving CH3-terminated monolayers 
have been done in liquid environments. Several studies have reported pull- 
off forces ranging from 0.5 to 5 nN in ethanol solution [1, 3, 6, 12]. The 
variation in the measured forces was attributed to the size of the interacting 
probe. The SAM-ethanol interfacial free energy was calculated according to the 
Johnson—Kendall—Roberts (JKR) theory [17] to be in the range of 1.0-3.0 mJ/m? 
in these studies. 

The pull-off force values measured between CH3-terminated surfaces in water 
were much less reproducible [1, 12, 16]. Complications in pull-off force measure- 
ments arise in an aqueous environment due to capillary effects associated with for- 
mation of gas bridges between hydrophobic surfaces. Submicroscopic air bubbles 
can nucleate on hydrophobic surfaces, which then form air bridges between the 
probe and the substrate [16]. 

The surface free energy of a solid—vapor interface, ysy, is a key parameter in both 
adhesion and friction [18]. The common method to characterize ysy of low energy 
surfaces is through contact angle measurements [19, 20]. For example, the psy 
value for CH3-terminated monolayers was calculated based on measured contact 
angles to be 18-21 mJ/ m? [7, 21]. On the other hand, direct measurements of the 
pull-off force in air (or in dry Nz) using AFM, or other scanning probe microscopy 
techniques, for CH3-terminated monolayers indicate values for ysy ranging from 
28 to 30 mJ/m? [4, 7]. The error in the AFM measurements is often significant, 
up to 50% of the reported value. Therefore, a more detailed study into the reason 
for the discrepancy between solid—vapor surface free energy values from contact 
angle and adhesion measurements is of great fundamental and practical importance. 
For example, research into which of the contact mechanics models, described in the 
next section, best represents the SAM-—SAM systems is needed. Both JKR [17] and 
Derjaguin—Muller—Toporov (DMT) [22] models are often used in the interpretation 
of the pull-off forces measured by AFM without any clear justification. 

The goal of this AFM study was to measure the pull-off forces between a 
hexadecanethiol (HDT), CH3(CH2);sSH, adsorbed onto a gold-coated AFM probe, 
and gold-coated silicon wafer substrate in ambient air with a low relative humidity 
level (RH < 20%). This system was treated as a homogeneous system with 
a spherical particle-to-smooth surface geometry. The blind tip reconstruction 
technique to characterize the radius of curvature of the AFM tips used in pull-off 
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force measurements was evaluated. Next, the effect of increasing the maximum 
applied load during SAM-—SAM pull-off force measurements was investigated. An 
attempt was made to analyze the deformation of the SAM caused by loading and 
to determine if there was any effect of deformation on the measured pull-off force. 
Both the JKR and DMT models were used to discuss the pull-off force data. 


2. BACKGROUND: CONTINUUM ELASTIC CONTACT MECHANICS 
2.1, Hertz model 


Hertz was the first scientist to formulate a model for mechanics of contact between a 
spherical body on a planar surface [23]. There are several assumptions made in this 
classical model that dates back to 1881. The spherical particle is considered to be 
elastic with a smooth surface, and the substrate is assumed to be smooth and rigid. 
The geometry of the deformation would resemble that shown in Fig. 1b. Surface 
forces are not taken into consideration in Hertzian mechanics. Equations (1)—(4) 
summarize the relationships from the Hertz model: 


Fig = 0, (1) 
= eae 2) 
jae. 3) 
2 = (4) 


where F,4 is the pull-off force, P is the load applied to a particle normal to the 
plane of the surfaces it is in contact with, R is the radius of the particle, K is the 
elastic modulus for the particle-substrate system, a is the radius of contact after 


P P 


M 4 


(a) (b) 


Figure 1. Schematic representation of the effect of an applied load (P) normal to the plane of the 
surface on a system with a rigid particle and compliant substrate (a) and a compliant particle on a rigid 
substrate (b). 
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deformation, ap is the contact radius at zero load, and 6 is the deformation of the 
compliant portion of the system (geometrical parameters are shown in Fig. 1). 

The Hertzian mechanics is applicable to systems with very low surface forces 
and where high loads are applied to the particle. Most real systems do not have 
negligible surface forces and in these circumstances one of the following models is 
a better representation of particle to surface contact mechanics. 


2.2. DMT model 


The DMT model was published in 1975 [22]. In contrast to the Hertz model, in the 
DMT model surface forces in both the particle—surface contact area and just outside 
this region are taken into account. The equations describing the DMT model are 
given in equation (5)-(8). 


Frg = 22 RW, (5) 
R 1/3 
a= {ee +27RW)| ; (6) 
R 1/3 
gps {Zarrw)| . (7) 
2 
Fie 7 (8) 


where W is the work of adhesion. Other terms are the same as in the Hertz model. 

The DMT model has been most successfully applied to systems with small particle 
radii, low surface forces (although this is not well agreed upon in the literature), and 
when rigid materials are involved. This theory may underestimate the true area 
of contact since the geometry is constrained to be Hertzian. Regardless of these 
limitations, the DMT theory has been shown to fit the experimental data in many 
studies [24]. 

Both the Hertz and DMT models suggest that loading and unloading is a smooth 
process and that there is no adhesion hysteresis during these processes. This 
is a physically unrealistic situation for many elastic systems and has led to the 
formulation of more complex models. 


2.3. JKR model 


The JKR theory [17] is one of the most popular contact mechanics models used 
today. In contrast to the smooth process of loading and unloading described by the 
Hertz and DMT models, the JKR model is more abrupt and allows for adhesion 
hysteresis. The assumptions made in this model are that the long-range forces 
outside the contact area can be neglected and only short range forces within the 
contact range are important. The equations describing the JKR model are given as 
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Figure 2. Schematic representation of the formation of a neck between the particle and sample as 
described by the JKR theory. 
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The hysteresis observed in the JER model is due to the formation of a neck that 
links the particle and the surface when a negative load is applied, as shown in Fig. 2. 

The contact is ruptured abruptly at high negative loads, and separation occurs 
when the radius of the contact area is reduced to the value given by equation (13): 


a, = 0.63a9, (13) 


where a, is the radius of the contact area at separation. 

The JKR theory works well for systems that involve high surface energies, large 
particle radii and compliant materials. One problem associated with the JKR theory 
is that it predicts an infinite stress at the edge of the contact area since it only 
accounts for forces inside the contact region. 


2.4. Maugis model 


There has been much debate since the introduction of DMT and JKR models as to 
which one is valid. It has been recognized that each model applies to very different 
particle—surface systems and this issue has been addressed by Maugis [25]. Maugis 
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proposed to use a dimensionless parameter, 4, to determine whether DMT or JKR 
model was more appropriate. 

The theory of contact mechanics formulated by Maugis in 1991 [25] is said to 
be one of the most versatile descriptions because it does not assume any specific 
limit on material properties. The range of material properties is given by the 
dimensionless parameter i in equation (14). 


2.06 (/RW?2\'2 


where Zo is a typical atomic dimension. 

A large value of 4 characterizes larger particle radii, and compliant materials with 
high surface free energies. Small values of 4 are indicative of smaller particles that 
are more rigid with low surface free energies. At the extreme values of A: 


X20, Fag = 22 RW (DMT model), 
3 
A> ow, Fya= at RW (JKR model). 


3. EXPERIMENTAL METHODS 
3.1. HDT SAM-coated sample preparation 


1-Hexadecanethiol (CH3(CH2),5SH), henceforth referred to as HDT, was obtained 
from Aldrich Chemical Co. (Milwaukee, WI, USA). 1500 mm diameter silicon 
wafers (100 orientation) were obtained from MEMS Corporation (St. Louis, MO, 
USA). Pieces of silicon were cut into approximately 2 cm x 2 cm sections and 
cleaned in acetone, methanol and deionized water followed by exposure to UV light. 
Silicon nitride (Si3N4) V-frame cantilevers, with spring constants ranging from 0.06 
to 0.58 N/m, were purchased from Digital Instruments (Santa Barbara, CA, USA). 
Cantilevers were cleaned in ethanol followed by UV light exposure. 

Silicon substrates and cantilevers were then coated with gold in a Polaron 
Equipment Limited SEM Coating Unit E5000. The gold target was set to a fixed 
distance from the samples during all gold coating sessions. The parameters of 
operation for the gold-coater were as follows: a pressure of 0.05-0.07 torr was 
obtained, a sputtering current of 5 mA, and the coating time was 10 min. 

Immediately after application of the gold coating, the substrates and cantilevers 
were rinsed with absolute ethanol (200 proof) and immersed in a solution of 
1-2 mM HDT in absolute ethanol that was prepared at least 2 h prior to placing the 
samples in solution. The substrates and cantilevers were left in the HDT solution 
for a period of 2-12 h to allow a complete self-assembled monolayer to form. The 
silicon wafers and cantilevers were rinsed extensively with absolute ethanol upon 
removal from solution to remove any excess thiol components on the surface. In 
order to ensure that no ethanol remained on the surfaces, the samples were placed 
in an oven at 80°C for 20-30 min. 
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3.2. Gold surface imaging 


The TappingMode™ etched silicon probes (TESP) cantilevers were purchased from 
Digital Instruments. Intermittent contact mode (TappingMode’”) was used to image 
the gold surfaces of the coated silicon substrates using a Dimension 3000 AFM 
(Digital Instruments). Scan sizes of 500 nm x 500 nm, 1 wm x J wmand 2.5 um x 
2.5 44m were taken at a scan rate in the range of 0.75-1 Hz. The ratio of the 
setpoints, rs), Was set to no lower than 0.8 to minimize sample damage caused by 
the AFM tip. 


3.3, Pull-off force measurements 


All pull-off force measurements were made in air under ambient conditions. The 
relative humidity (RH) level during measurements ranged from less than 5 up 
to 15%. The RH level was continuously monitored during all experiments with 
a digital thermo/hygrometer (Cole Palmer Instrument Company, Vernon Hills, 
IL, USA). Pull-off force measurements were made using a Dimension 3000 
AFM equipped with Nanoscope Software version 4.43 from Digital Instruments. 
Cantilevers with a spring constant of 0.12 N/m were selected for the SAM-coated 
sample measurements. The pull-off force measurements were made in the force 
mode. The x-—y lateral motion of the piezoelectric element is suspended in this 
operating mode and deflections of the cantilever in response to movements along 
the z-axis are recorded as deflection vs z-position curves. The operating parameters 
of the AFM were as follows: the ramp size was in the range of 500-900 nm with 
750 nm being the most common ramp size; a scan rate of 0.996 Hz; 512 samples 
per deflection vs z-position curve were recorded; and the setpoint, or zero deflection 
position in the non-touching regime, was set as the 0 voltage position for all curves. 

One hundred to five hundred deflection versus z-position curves were collected 
per cantilever per experiment. The deflection versus z-position curves were con- 
verted into force—separation, more commonly referred to as force—distance curves, 
using Scanning Probe Image Processor (SPIP) software from Image Metrology 
(Lyngby, Denmark). The corrected spring constant was entered into the data prior 
to any force curve analysis. 


3.4, Determination of cantilever tip radius using blind tip reconstruction 


Images of a grating consisting of an array of sharp silicon spikes were made using 
a Nanoscope II AFM (Digital Instruments) in contact mode. Scan sizes of 1500 nm 
x 1500 nm, or 1750 nm x 1750 nm depending on the dimensions of the particular 
tip, were captured. Scan rates between 0.25 and 0.5 Hz were used. The images 
were divided into 512 x 512 pixels resulting in lateral resolutions of 2.93 and 3.42 
nm/pixel at scan sizes of 1500 and 1750 nm, respectively. The AFM was mounted 
on a platform hanging from bungee cords to minimize noise in the images. Blind tip 
reconstruction (BTR) was performed using Deconvo version 1.1 Software (Silicon 
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MDT, Ltd., Moscow, Russia) on tips that were coated with the SAM. This software 
uses the method of J. S. Villarrubia to calculate the shape of the AFM probe from 
an image taken with the tip [26]. Noise thresholds from 5 up to 500 nm were used 
in the BTR process. 


3.5. Contact angle measurements 


Contact angles were measured with a Kriiss G10 contact angle goniometer. The 
shape of the liquid drop on the sample is fitted automatically with the Drop 
Shape Analysis software (Kriiss) that calculates the contact angle. Three probe 
liquids of various polarities, namely, deionized water filtered through a Barnstead 
E-pure system, ethylene glycol (99.9%, Fisher Scientific) and diiodomethane (99%, 
Aldrich Chemical Co., Inc.), were used for these measurements. Measurements 
were made in a covered cell to avoid evaporation of the probe liquid. A small liquid 
drop was placed on a substrate. The size of the drop was increased to a base diameter 
of 5—8 mm. A relaxation of advancing contact angle was recorded at 30-s intervals 
over a period of 30-min. 


4, RESULTS AND DISCUSSION 
4.1. Gold surface roughness analysis 


The gold-coated silicon wafer substrates were characterized using intermittent con- 
tact mode, more commonly referred to as TappingMode™ atomic force microscopy 
(TMAFM). The surface roughness was quantified using three parameters of rough- 
ness: root-mean-square roughness (RMS), average roughness (R,) and percent sur- 
face area difference (%SAD). These parameters are defined in equations (15)-(17). 


ress 2 
RMS = pane (15) 


where Zaye is the average of the Z values (Z-axis representing topographical height 
features) within the given area, Z; is the current Z value and N is the number of 
points within the given area. 


Ly Ly 
1 


Ree i | | ve nlaxay. (16) 
0 0 


In the equation for R,, f (x, y) is the surface relative to the center plane, and L, 
and L, are the dimensions of the surface. 


>_ (surface area of the sample); 


% SAD = : 
>- (projected surface area); 


~ 1 x 100%. (17) 


Table 1 shows the results of the roughness analysis for three areas of the gold- 
coated substrate at various scan sizes. The RMS and R, values are consistent for 
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Table 1. 
Roughness analysis of the gold surface used in puil-off force measurements (see equations (15)-—(17) 
for definitions of the roughness parameters) 


Scan size RMS (nm) R, (nm) %SAD 
500 x 500 nm? 0.332 0.260 0.230 
1000 x 1000 nm2 0.350 0.277 0.215 

2500 x 2500 nm? 0.333 0.270 0.300 


the three scales of images here. Therefore, the surface roughness is reproducible 
over a wide area of the sample used in this study. Since the roughness is less than 
0.4 nm, it is expected that the pull-off forces should be negligibly affected by the 
topography of the substrate. 


4,2. Determination of cantilever tip radius of curvature 


The radius of curvature for a gold coated AFM cantilever tip is less than 100 nm 
for the coating procedure used in our laboratory (uncoated tips have radii ranging 
from 20 to 60 nm). Standard thermionic emission scanning electron microscopy 
cannot resolve the edges of such small features without reducing the signal-to-noise 
ratio to the point that the object is indistinguishable from the background. Scanning 
transmission electron microscopy (STEM) is capable of much better resolution, but 
in the case of the pyramidal geometry of the AFM tips, STEM did not provide 
satisfactory depth of focus on the edges of the tip. The sample preparation for STEM 
imaging renders the AFM tips useless thereafter and is an experimentally difficult 
process, not worth the time invested, for the resulting images. These problems 
eliminated both standard thermionic emission SEM and STEM as methods to 
characterize the AFM tip shape. 

A suitable alternative method was used in this study to determine the size and 
shape of the cantilever tip. This approach utilized the blind tip reconstruction 
method developed by Villarrubia [26]. 

Gold-coated AFM tips were scanned over a specially fabricated array of sharp 
silicon spikes. The spikes must have a higher aspect ratio than the pyramidal shape 
of the AFM tip in order to produce an inverted image of the tip instead of the spike. 
Using software based on mathematical morphology operations, described in detail 
elsewhere [26], the radius of curvature of the tip was determined. Figure 3 shows 
examples of images made by scanning the gold-coated AFM tips over the array of 
spikes. 

The resolution of the images increases from (a) to (c) in Fig. 3. Images on the size 
scale of the image shown in Fig. 3c were used for all BTR work done in this study. 
The resolution of the image in Fig. 3c is 3.42 nm/pixel and this value is consistent 
with the value recommended by Villarrubia [27]. 
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Figure 3. Contact mode AFM images of silicon spikes taken with gold-coated AFM tips. Scan sizes 
are: (a) 10 wm: (b) 5 wm; and (c) 1.75 wm. 


Pull-off forces between self-assembled monolayers 251 


The noise artifacts in the image have a large influence on the results of BTR 
experiments. Therefore, scan rates were reduced as much as possible and the 
AFM was placed on a special stage suspended by bungee cords to help eliminate 
vibrations. Even after taking such precautions, sharp changes in the heights of 
the spikes produced noise in the image, as can be seen in Fig. 3c. An additional 
complication to consider is the material property differences between the gold- 
coated tip and the silicon spike. The noise in these images may be caused by 
scratching of the gold layer due to the hard, very sharp peak (diameter less than 
10 nm) of the silicon spikes [28]. Contact forces during imaging were minimized 
to reduce this effect; nevertheless, some damage to the gold surface is probable and 
cannot be overlooked as an additional source of noise. Small errors such as this 
can cause considerable changes in values when working with nanoscale systems. 
However, a proper threshold value selection insures that the tip size estimate is 
not an erroneous value. The threshold parameter determines how large of an area 
containing noise will be included in a blind tip reconstruction calculation. When a 
high quality image, such as those used in this research, is used for tip size analysis a 
small noise threshold of approximately 5 to 10 nm is selected. A threshold of 5 nm 
indicates that any group of pixels containing noise for an area larger than 5 nm x 
5 nm are not included in the tip reconstruction calculation by the software. The 
Deconvo 1.1 software has a built-in function to insure that a threshold value in the 
proper range is selected. When the threshold is too low (excludes too much of the 
image), the cantilever is reconstructed as a sharp needle with a radius of curvature 
much smaller than the tip radius specified by the manufacturer. Additionally if the 
threshold is too high (includes too much of the image containing noise artifacts), 
the tip is reconstructed with a nearly flat end and a large radius of curvature value. 

The radii of the cantilever tips used in this research were determined with the BTR 
technique to be 79.7 and 60.2 nm for the cantilevers labeled # 1 and # 2, respectively. 
The values of the tip radii are reasonable despite the possible small error noise 
artifacts. We estimate the error associated with any noise artifacts in the images 
to be approximately 8.43 and 6.34 nm for cantilevers #1 and # 2, respectively, and 
the calculation of this error is discussed later in this paper. Another independent 
method for determining the tip radius of curvature is still necessary for comparison 
and validation of the blind tip reconstruction results. 


4.3. Pull-off forces measurements at various applied loads 


Figure 4 shows the pull-off force measurement results for various maximum applied 
loads. The data from the region of small loading, less than 20 nN, have a 
significantly larger scatter in values than at applied loads larger than 20 nN. The 
reason for this is not clear at this point. For the applied loading regime larger 
than 20 nN, the pull-off force data become more consistent. The increase in pull- 
off force consistency as the load is increased suggests that the contact in the low 
loading region might not be adequate. Incomplete contact could lead to a reduced, 


252 E. R. Beach et al. 


> ¢2 * Cantilever # 1 
o 


30 ey <¢ « Cantilever #2 


Pull-off force (nN) 


0 10 20 30 40 50 60 70 80 90 
Maximum applied load (nN) 


Figure 4. Pull-off force vs maximum applied load for HDT self-assembled monolayer coated 
cantilever tip and substrate. 
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Figure 5. Normalized pull-off force vs maximum applied load from data presented in Fig. 4. Lines 
were drawn to highlight the range of pull-off force values. 
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inconsistent contact area and possible lateral deflections of the cantilever. Both of 
these factors introduce error into the pull-off force measurements. 

As shown in Fig. 4, no significant effect of loading, other than a decrease in the 
scatter of data on the measured pull-off forces was observed in the SAM-SAM 
system. The average values of the pull-off force measured for cantilevers # 1 and 
# 2 are 24.3 + 4.1 and 20.4 + 3.4 nN, respectively. The difference between the 
results of pull-off forces for the two cantilevers is due to a difference in the radii 
of curvature of the cantilever tips, 79.7 and 60.2 nm for cantilever # 1 and # 2, 
respectively, as determined by the BTR methodology described in Section 3.2. 

Normalization of the data presented in Fig. 4 was performed using the cantilever 
tip radii determined with the BTR technique. The correlation between the normal- 
ized pull-off force/radius versus maximum applied load is shown in Fig. 5. 

The normalized pull-off forces for cantilever # 1 and cantilever # 2 are in very 
good agreement with average values of 0.305 and 0.338 nN/nm, respectively. 


4.4. Contact angle measurements 


Contact angle measurements on a gold-coated silicon wafer with chemically ad- 
sorbed SAM on the surface were made with water, diiodomethane and ethylene 
glycol for calculation of the three surface energy parameters (y'”, y~, and y*) in 
the Lewis acid—base interfacial free energy (LABIFE) theory. The advancing con- 
tact angle and its changes were measured over a period of thirty minutes. Figure 6 
is a plot of the advancing contact angle, 6, versus time for the three probe liquids. 
The behavior of the contact angle for each of the three liquids was different 
over the allowed time period. Contact angles for water relaxed from a value of 
approximately 112° to 110° over the 30-min time period. Contact angles of 110° to 
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Figure 6. Contact angle vs time for three liquids of different polarities on a HDT-SAM monolayer. 
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Table 2. 
Surface free energy components of probe liquids and contact angles measured on CH3-terminated 
self-assembled monolayers (see text for discussion) 


Probe YL ve aid ve Y 6 
liquid (mJ/m?) (mJ/m*) (mJ/m*) (mJ/m?) (°) 
Water 72.8 21.8 25.5 25.5 111.7 
Diiodomethane 50.8 50.8 0 0 66.9 
Ethylene glycol 48.0 29 3.0 31.0 83.0 


112° for water on a CH3-terminated SAM are commonly reported in the literature 
(21, 29, 30]. An advancing contact angle of 112° was selected for water for the 
surface free energy component calculations. 

As shown in Fig. 6, the contact angle for the diiodomethane was virtually 
unchanged with an average value of 66.9° during these measurements. A 68° to 
72° advancing contact angle was measured on a similar monolayer in previous 
research [31]. 

Ethylene glycol showed an increase in the contact angle from 83° at the beginning 
of the time period to approximately 89° at 30-min. Slightly lower contact angles 
of 76° to 79° were measured on a similar monolayer by Drelich et al. [31]. The 
measurements were repeated, and the same trend with approximately the same 
contact angles was found on three HDT-SAM samples prepared in the same manner. 
We speculate that the increasing contact angle might be a result of absorption of 
moisture by the ethylene glycol. Further research into the cause of this phenomenon 
is needed. A contact angle of 83° for ethylene glycol was selected for the LABIFE 
theory calculation of the surface free energy. 

The components of the surface free energies of the probe liquids must be known 
in order to make the solid surface free energy calculation using the LABIFE theory. 
The components for the three liquids used here are shown in Table 2 [19], along 
with the measured contact angles on a HDT-SAM. 

In Table 2, 4, is the liquid surface tension (surface energy and surface tension are 
used interchangeably when discussing a liquid), y-"’, is the Lifshitz—van der Waals 
component of the liquid surface tension, and y*, y~ are the Lewis-acid and Lewis- 
base components of the surface tension, respectively. The well-established values 
of yi, vL™, y*, and y~ for water, diiodomethane, and ethylene glycol reported in 
the literature are used in these calculations [19]. 

The equation for relating the measured contact angle, for a particular liquid, to 
the Lifshitz—van der Waals component of the LABIFE theory of the solid surface 
free energy was written by van Oss, Chaudhury, and Good and is given below in 
equation (18) [32]: 


nL +0086) = 2y/(yE* yb") + 2/odur) +205 1. (18) 
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Table 3. 
Lifshitz~van der Waals and Lewis acid—base components of HDT-SAM solid surface free energy (see 
text for discussion) 


rs (mJ/m?) ve (mJ/m*) Vs. (mJ/m2) 


24.6 0.0464 0.0009 


where the subscripts S and L represent the solid and liquid, respectively, and the 
superscripts LW, +, and — are the Lifshitz—van der Waals, Lewis-acid, and Lewis- 
base components, respectively. 

The terms Ve Ys» and ys must be found from these equations, and then the 
surface free energy of the solid (ysy) can be calculated according to equation (19): 


ysv = ye* +2 (vg 77). (19) 


The Lifshitz—van der Waals component of the solid surface free energy, ys, is 
the first term solved by using the contact angle value measured for diiodomethane 
drops (Table 2). The last two terms on the right hand side of equation (18) drop 
out in this case and the equation can be rearranged to solve for y4¥ as shown in 
equation (20): 
pues re coat)" 


20 
‘ 4yp™ oe 


for diiodomethane, y, is equal to ae reducing equation (20) to: 


2 
yew - nfl zee) (21) 
Using the value for ve" from equation (21) a system of equations for water and 
ethylene glycol is written using equation (18). The variables y,", and y, can be 
isolated and solved for one at a time in this way. Once all the components are 
known they are substituted back into equation (19) to calculate the solid surface 
free energy. The values yt”, y,", and ys for the HDT-SAM are shown in Table 3. 
As indicated by the data in Table 3, the Lifshitz—van der Waals component 
of the surface free energy is the only significant term that contributes to the 
calculated solid—vapor surface free energy of the HDI-SAM. The significant 
figures in the liquid surface tension are only reported to one decimal place in the 
literature, therefore, the ve , and ys; components can be neglected for the HDT 
monolayer on gold. The solid surface free energy calculated using the values from 
Table 3 is 24.6 + 2.0 mJ/m*, approximately equal to the Lifshitz—van der Waals 
component, yy”. 
The value of ysy = 24.6 mJ/m/? is higher than reported previously in the literature 
(21, 33]. The fabrication process for SAMs is slightly different in every laboratory. 
The differences in fabrication might slightly alter the SAMs with regard to defects 
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caused by different qualities of gold-coating and molecular arrangements for thiols 
on the surface. It should also be recognized that the gold film might interact with 
the probe liquids placed on top of SAMs through van der Waals interactions and 
this depends on the length of the bonded thiol [5]. In any case, as shown in 
the next section, our contact angle results are consistent with our pull-off force 
measurements showing that the AFM technique can produce accurate measures of 
the solid—vapor surface free energy when the operating conditions of the AFM are 
set up properly. 


4.5. Surface free energy calculation for CH3-terminated self-assembled 
monolayers 


The surface free energy for the SAMs can be calculated from the AFM pull-off 
forces using either the DMT or JKR model for adhesion of a particle to a flat 
surface. In the literature there is no clear consensus, at this point in time, which 
of these models should be used for surface free energy calculation. This problem 
will be examined here. Table 4 shows the calculated surface free energy values from 
the measured adhesion between CH3-terminated SAMs used in this study according 
to the DMT and JKR models. The surface free energy values determined from the 
AFM measurements are also compared to the values calculated from contact angle 
measurements using the LABIFE theory and surface free energy values from the 
literature. 

The values of the surface free energy calculated according to the DMT theory 
match the values calculated using the LABIFE theory very closely. The values 
calculated according to the JKR theory, as well as values from pull-off forces 
reported in the literature, seem to overestimate the value of the surface free energy 
substantially. The DMT model is expected to be more appropriate for this system 
because it appears to be a rigid system within the range of experimental conditions 
used in this study. As shown in Figs 4 and 5, the pull-off forces were not sensitive 


Table 4, 
Surface free energy of CH3-terminated self-assembled monolayers (see text for discussion) 


Calculated values from experimental measurements 


Cantilever ysv (mJ/m*) ysv (mJ/m?) ysv (mJ/m*) 
DMT JKR LABIFE theory 

Cantilever # 1 24.28 + 9.28 32.37 421.18 

; 24.6409 

Cantilever # 2 26.93 + 9.57 35.91 + 22.45 

Literature values 

ysv (mJ/m?) ysv (mJ/m?*) ysv (mJ/m?*) 

DMT JKR (contact angle) 

30 + 16 [4] 40 + 21 [13] 18.9 [33] 


25 + 11.5 [13] 19.3 [21] 
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to the applied loads suggesting the absence of deformation of the interacting tip and 
substrate. The deformation of this system is discussed later in this paper. 


4.6. Experimental certainty in ysy determination from AFM pull-off force 
measurements 


The error in the pull-off force measurements comes from two sources, namely 
the error associated with force measurements and the error associated with the 
determination of the cantilever tip radius of curvature. The error can be derived 
starting with the DMT equation written in terms of the surface free energy 
component, ysy, given in equation (22): 


Fig = 47 Rysy. (22) 


Rewriting this equation in terms of ysy and taking the derivative with respect to 
the force component results in the following equation: 


0 Fag 
4n R° 


The error in the pull-off force measurements, d F,q, is a result of the scatter of data 
points, as shown in Fig. 4, and the calibration of the spring constant of the cantilever. 
The error in Fyg is found by differentiating Hooke’s law (F = k x Az) with respect 
to the spring constant, k, adding the error contributed by the scatter in the data, and 
writing in terms of 0 F,g as shown in equation (24): 


8 Fag = Azdk + k8(Az), (24) 


dYsvy = (23) 


where Az is the deflection of the cantilever beam during a pull-off force measure- 
ment. The first term is the error associated with the spring constant calculation and 
the second term represents the scatter in the data. We assume that the second term 
of equation (24) is simply the standard deviation of the measured pull-off forces. 
The average value of 0 Fg was used for the calculation of the error associated with 
the pull-off force measurements. Rewriting equation (23) in terms of the error in . 
the surface free energy from the force component results in: 


Az k 
Ae = ae ACAD 25 
IN ep! ae (25) 


The error associated with determination of the tip radius of curvature is found by 
differentiating equation (8) with respect to R and writing in terms of dysy as shown 
in equation (26). 


F, ad 
4m R? 

For the blind tip reconstruction technique, the error associated with the tip radius 
of curvature determination is associated with the quality of the image. If there is 
significant noise in the image, the calculation of the radius is less reliable than that 


a Ysv = OR. (26) 
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Table 5. 

Error components in AFM pull-off force measurements (Ayp refers to the first two terms in 
equation (27) accounting for the error due to the spring constant calibration and scatter in the AFM 
pull-off data, Ayp refers to the third term in equation (27), and Aysy = Ayp + Ayr) 


Cantilever Ayr (DMT) Ayr (DMT) Aysy (DMT) 
(mJ/m?) (mJ/m?) (mJ/m?) 

#1 +6.71 +£2.57 +9.28 

#2 +£6.68 +2.89 +9.57 


from a noise-free image. The BTR software used for these experiments contains 
a function called a certainty map. This determines the number of pixels that have 
noise in them and provides the user with this information as a percentage of the total 
pixels. 

To the best of our knowledge no reports on error in BTR measurements have 
been presented in the literature. Therefore, it was decided that using the certainty 
map was the best method to quantify the error associated with BTR measurements 
since multiple images with the same or nearly the same amount of noise gave the 
exact same radius of curvature. The certainty map reports the percent of pixels 
that contain noise, and this percent is taken as the percent error in the tip radius of 
curvature determination. 

The total error in the surface free energy of the self-assembled monolayer is 
the sum of the error from the force component and the radius component of 
equations (25) and (26), respectively and is given below in equation (27) (written in 
A notation): 

Az k F, ad 


eA RA 
eR eR Re 


This equation was used to calculate the errors in the surface free energy calculated 
from AFM pull-off force measurements shown in Table 5 for the DMT model. 
The error is derived in the same manner for the JKR model, the only change in 
equation (27) is that the constant in the denominator is changed to a value of 3. 
Table 5 shows the error contribution from each term in equation (27) for the DMT 
model for each cantilever. In Table 5, the notation Ay refers to the first two terms 
in equation (27) accounting for the error due to the spring constant calibration and 
scatter in the data, and Ayp refers to the third term in equation (27) accounting for 
the error due to uncertainty in the radius of curvature determination. 

The error in the surface free energy calculation from contact angle measurements 
using the LABIFE theory for quantitative analysis is determined in a similar manner. 
The contact angle values are used to calculate the three parameters of the surface 
free energy, yy, ys", yg in the LABIFE theory and there is an error associated 
with this procedure. The terms y; and yg drop out of the surface free energy 
calculation for the HDT-SAM because the values are very small. Therefore, only 
the error associated with the term yon contributes to the error in the calculation of 


Aysv = AR. (27) 
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the surface free energy. yee is calculated from the contact angle measurements 
of diiodomethane on the HDT monolayer, and the error is found by taking the 
derivative of equation (21) with respect to @ and y,: 


a LW 

rs = * (sin 6 +2cos6), (28) 
aye - a + cos 9)" (29) 
OV 4 


Rewriting equations (28) and (29) to solve for the error in yen, and adding the two 
error components together results in (written in A notation): 


1 6) 
( Fees ) Jon 


The scatter in the data for the experimentally determined contact angle values 
of diiodomethane on the HDT-SAM surface taken from Fig. 6 was used as A@ 
(approximately 2°). The error in the liquid surface tension, y., is known to be 
approximately 0.5 mJ/m? from previous work in our laboratory. The total error, 
Ay", which is equal to the error in determination of the solid surface free energy 
from the diiodomethane contact angle measurements, Aygio¢™*ta"e (equal to the 
error from the Lifshitz—van der Waals component, Ay¢™ found in equation (30)): 


A y. < ZA panei =A ye : 3 1) 


Ayi¥ = | sing + 2cos 0)| Ab + (30) 


The error in the first term in equation (30) is about +0.67 mJ/ m? and the error in 
the second term is about +0.25 mJ/m?’ making the total error +0.92 mJ/m? for the 
calculated surface free energy. 


4.7. Predicted deformation of the system 


All of the contact mechanics theories described in the Introduction predict that 
there will be some deformation when a particle and surface come into contact. 
The mechanical properties and AFM operating conditions of the system control the 
amount of deformation observed for a given system. The effect of maximum applied 
loading was specifically studied in this research to examine the deformation of the 
system. The loading and unloading rate was shown in preliminary experiments not 
to have any noticeable effect (not shown) and all the experiments here were done 
at a constant loading/unloading rate. The contact time was not controlled in this 
part of the study due to limitations in the AFM controller software at the time of 
this study but the contact time is not expected to have any significant effect on the 
results in Figs 4 and 5. 

The mechanical properties of the self-assembled monolayer on a gold-coated 
AFM cantilever tip are generally reported in the literature to be equal to the 
mechanical properties of the gold [1, 3, 6, 7, 12, 14]. The mechanical properties 
of gold were used in the aforementioned studies because the elastic modulus of the 
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Table 6. 

Mechanical properties and physical constants (E is the Young’s modulus, v is the Poisson’s ratio, 
K is the reduced elastic modulus, W is the work of adhesion, d is the thickness of self-assembled 
monolayer, and subscripts ‘gold’ and ‘SAM’ refer to gold substrate and self-assembled monolayer, 
respectively) 


Egoid (GPa) 78.0 Esam (GPa) 20.0 
Vgold 0.42 VSAM 0.45 
Kgold—gold (GPa) 63.1 K golda—SAM (GPa) 26.4 


WsAM—SAM = 40.0 mJ/m2 
dsam = 2.26 nm 


SAM was believed to be at least one order of magnitude smaller than the elastic 
modulus of the gold. Therefore, the contribution of the SAM to the mechanical 
behavior of the system is expected to be negligible. 

Recently it has been proposed that the elastic modulus of the SAM is higher than 
previously thought [13, 34, 35]. The methods used to determine the elastic modulus 
values are very different. Leng and Jiang used molecular simulations to determine 
the value of the elastic modulus for thiol type CH3(CH2), SH SAMs (where m = 8 
or 15) to be 20 + 10 GPa [34]. Work by Burns et al. [13] and Joyce et al. [35] using 
an interfacial force microscope (IFM), which is laterally more stable than the AFM, 
showed that SAMs relaxed when a load was applied [13]. They deduced from these 
data that the elastic modulus of the film was not negligible compared to that of the 
gold, although they did not provide a quantitative value. 

Since no general consensus on which set of mechanical properties is more 
appropriate, we will investigate the predicted deformation using the mechanical 
properties of gold and a combination of gold and SAM mechanical properties. 

Table 6 lists the mechanical properties and physical constants used in the 
calculations that follow. The values for gold are taken from Callister [36]. The 
modulus of the SAM (Esam) is taken from Leng and Jiang [34]. Poisson’s ratio for 
the SAM (vsam) is estimated to be approximately that of a typical polymer (since no 
value is reported in the literature). The work of adhesion is estimated to be a simple 
value that falls in between our measurements and those reported in the literature 
from contact angle measurements (see Table 6). Finally, the thickness of the SAM, 
dsam, 18 calculated as follows [5]: 


dsam = 1.37m + 2.07, (32) 


in which m is the number of CH? groups present in the monolayer (m = 15 for 
HDT-SAM). 

The contact area radius, a, and deformation, 5, predicted for cantilever # 1 (radius 
of curvature = 79.7 nm) are shown in Figs 7 and 8, respectively, for the Hertz, DMT, 
and JKR models as a function of the maximum applied load. In these figures only 
the calculated values for cantilever # 1 are shown. 
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@ Hertz model A DMT model @ JKR model 
< Hertz model & DMT model ©: JKR model 
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Contact area radius (nm) 


Maximum applied load (nN) 


Figure 7. Contact area radius (a) versus maximum applied load (P) for cantilever # 1. The filled 
data points represent calculations based on the mechanical properties of gold only, while the open 
data points represent calculations based on the combined mechanical properties of gold and HDT- 
SAM from Table 6. 


@ Hertz model A DMT model @ JKR model 


& Hertz model & DMT model JKR model 


Deformation (nm) 


0 20 40 60 80 100 
Maximum applied load (nN) 


Figure 8. Deformation (5) vs maximum applied load (P) for cantilever # 1. The filled data points 
represent calculations based on the mechanical properties of gold only, while the open data points 
represent calculations based on the combined mechanical properties of gold and HDT-SAM from 
Table 6. 


The Maugis parameters for the system (equation (14)) using the reduced elastic 
modulus of gold and gold-SAM system using a zo value of 0.2 nm are 0.15 and 0.27, 
respectively. These are a near zero values, and according to Maugis mechanics the 
DMT model is more appropriate to describe this system than the JKR model (note 
that more accurate analysis requires the use of the Maugis—Dugdale model) [25]. 

All three theories (Hertz, DMT, JKR) predict that both the contact area and the 
deformation increase as the maximum applied load increases. The calculations that 
consider the combined gold-SAM mechanical properties predict both larger contact 


262 E. R. Beach et al. 


areas and deformation. The data collected in our research and shown in Figs 4 
and 5 indicate that there is no significant increase in the measured pull-off force due 
to increasing applied load. Accordingly, our results suggest that no increase in the 
contact area or deformation occurs at the moment of pulling the tip off the substrate. 
The data using only the mechanical properties of gold seem to be more appropriate 
because the predicted response to the applied load is smaller. Predicted values using 
only the mechanical properties of gold will be used in the following discussion. 

The predicted increase in contact area radius may seem small, increasing from 
3.36 nm for a load of 10 nN to 4.93 nm for an applied load of 75 nN but this is 
significant on the molecular scale. The contact area is approximately 3,547 A? for 
a load of 10 nN while it increases to approximately 7,636 A? for a load of 75 nN. 
The HDT-SAM molecules are known to occupy about 20 A? [6]. This means that 
at a load of 10 nN, approximately 177 self-assembled molecules are interacting 
while at 75 nN, 382 self-assembled molecules are predicted to be in contact with 
molecules located at the tip. At the higher applied load the number of molecules 
predicted to be in contact is more than twice the value at 10 nN. This increase in 
the number of interacting molecules would clearly increase the pull-off force and 
would be noticable in the experimental results. 

The contact area and deformation predictions of the three contact mechanics 
models presented here do not seem appropriate to the HDT-SAM on a gold-coated 
tip and substrate system in atomic force microscopy studies of pull-off forces. No 
noticable deformation occurs in the specified loading range according to the results 
presented in this paper. None of the three common contact mechanics theories 
(Hertz, DMT, JKR) accurately describes the contact interactions of this system. 
However, from the result of this research it appears that the pull-off force values 
measured by AFM techniques for SAMs in air, at low loading values are best 
described by equation (5) of the DMT model relating the adhesion force with surface 
free energy. This equation has exactly the same form as the equation describing the 
adhesion force between a rigid sphere and a rigid flat substrate in term of the work 
of adhesion between two flat surfaces, and is a direct consequence of the Derjaguin 
approximation [20, 37]. 


5. CONCLUSIONS 


The AFM technique combined with a precise determination of the AFM cantilever 
tip curvature appears to be a very useful tool in the examination of surface free 
energy of engineered materials. 

High quality images captured using the blind tip reconstruction technique pro- 
vided reasonable values of the AFM tip size with a radius from 60 to 80 nm. A 
method for estimating the error in the blind tip reconstruction technique using the 
certainty map function was proposed in this paper. 

The pull-off force measurements between hexadecanethiol monolayers, chemi- 
cally adsorbed onto gold-coated AFM cantilever tips and substrates, in an ambient 
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environment presented here were reproducible within 10-20%. It was shown that 
the pull-off forces were not very sensitive to the maximum applied load in the range 
of 5-80 nN. This result suggests that the use of continuum elastic contact mechan- 
ics in the analysis of AFM pull-off force measurements is not as straightforward as 
usually assumed in the literature reports on similar systems. 

The surface free energy of the self-assembled monolayer of hexadecanethiol was 
calculated to be in the range of 24.28 + 6.61 to 26.93 + 9.57 mJ/m? using the 
measured pull-off force values. The surface free energy values calculated from 
AFM pull-off force measurements matched our calculated values from the Lewis 
acid-base interfacial free energy theory using the contact angle measurements 
made in our laboratory (24.6 + 0.9 mJ/m?). The experimentally determined 
surface free energy values were in between the literature values reported from 
contact angle measurements (18-19 mJ/m?) and direct pull-off force measurements 
(25-30 mJ/m’*). 

The results of this research indicate that the 6-10 mJ/m? error in determination 
of the surface free energy value using the AFM technique was reduced by as much 
as 40-50% when the pull-off force measurements were carried out at 30-80 nN 
maximum applied loads. This suggests that the accuracy of surface free energy 
determination can be substantially improved when appropriate operating parameters 
of measurement are set up for the atomic force microscope. 
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and hydrophilic silica surfaces 
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Abstract—Adhesion forces between functionalized colloidal polymer spheres and a hydrophilic silica 
surface under different solution conditions were measured using an atomic force microscope (AFM). 
The measured force profiles show that the adhesion forces are sensitive to surface functional groups, 
pH, salt concentrations and the valency of cationic species. At pH below 8, the adhesion force 
between the surfaces of carboxylate functionality and hydrophilic silica wafer is about one order 
of magnitude greater than that between the surfaces of amine functionality and hydrophilic silica 
wafer. The strong adhesion interactions observed between the carboxylic-acid-functionalized probe 
and the hydrophilic silica surfaces are mainly attributed to hydrogen bonding between the surfaces. 
Our results suggest that hydrogen-bonding interactions can be mediated by the addition of divalent 
species as demonstrated by the addition of calcium ions at 0.1 and 1.0 mM concentration. 


Keywords: Adhesion forces; amine; carboxylate; functionalized surfaces; hydrogen bonding; calcium 
ion. 


1, INTRODUCTION 


The knowledge and accurate determination of adhesion forces between colloidal 
particles and surfaces at a molecular resolution is of vital importance in many 
disciplines of science and engineering [1]. The atomic force microscope (AFM) has 
been extensively used in studying various surface forces, such as DLVO colloidal 
forces [2], hydrophobic force [3], hydration force [4], depletion force [5], bridging 
force [6], chiral force [7] and even single-bond rupture force [8]. In addition, 
AFM provides a straightforward and precise means of determining the adhesion 
forces with a high degree of spatial resolution [9, 10]. There are several reports on 
adhesion force measurements between modified AFM tips bearing various surface 
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functional groups, such as CH3, COOH, CH.OH, CO2CH3, CH2Br and NHb, and 
the substrate bearing self-assembled monolayers (SAM) of similar surface groups 
[11-14]. In these studies, the surface terminal group was found to control the 
adhesion behavior between the two surfaces. As a result, the AFM, commonly 
referred to as chemical force microscope in this field of applications {11, 12], can 
be used effectively to probe surface chemical composition at a molecular resolution. 
The effect of ionic strength and pH of the solution on ionization of terminal groups 
and the role of electrostatic interactions between those ionized terminal groups 
were studied. Direct surface modification of silicon wafers or silicon nitride tips 
by silanes is also reported as a powerful means to mediate surface forces [15]. In 
the present work, we report on adhesion interactions between hydrophilic silica 
wafers and microsphere probes of carboxylate and amine surface functionalities 
under various aqueous environments, such as pH and varying mono- and divalent 
salt concentrations. In contrast to the modified AFM tips as molecular probes in 
earlier studies [11, 12], the use of micrometer spheres as probe, as used in our 
study, improves detection sensitivity of interaction forces, which allows probing 
weaker interactions, as will be illustrated later in this communication. The purpose 
of this study was to better understand the role of molecular interactions in protein 
foldings of amino-acid building blocks in biological systems under different pH 
and electrolyte concentrations with emphasis on the role of divalent calcium ions. 
Various pH-dependent interactions between amino-acid building blocks in proteins, 
mediated by the presence of various types of electrolytes, are anticipated to control 
molecular folding and hence their functions in biological systems. In addition to van 
der Waals and electrostatic forces, hydrogen bonding between acrylic acid and/or 
amine groups plays a critical role in such conception. 


2. EXPERIMENTAL 
2.1. Materials 


Silicon wafers of [100] crystal planes were purchased from MEMC Electronic Ma- 
terials (Italy). Ultrahigh purity potassium chloride (99.999%) and sodium hydrox- 
ide (99.996%) were purchased from Aldrich, while calcium chloride (99.996%) and 
hydrochloric acid (99.999%) were obtained from Alfer Aser (USA). These chem- 
icals were used as received without further purification. Spectra grade ethanol, 
chloroform, ammonium hydroxide, sodium hydroxide (for cleaning glassware) and 
hydrogen peroxide were also purchased from Aldrich. Carboxylate- and amine- 
terminated polymer microspheres were obtained from Bangs Laboratories (USA) 
and used without further modification. For comparison, micrometer-size silica 
spheres with carboxylic functionality, also obtained from Bangs Laboratories, were 
tested. In some cases, silica wafer and micrometer-size glass beads were silanized 
in our laboratory to obtain amine-terminated surfaces for comparative studies. 

All glassware was cleaned using a 10% by weight sodium hydroxide aqueous 
solution containing 5% by volume ethanol and rinsed thoroughly with Millipore 
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water. Millipore water was obtained from an Elix-5 coupled to a Millipore-UV plus 
unit (Millipore, Canada). 


2.2, Hydrophilic silica wafers 


A sheet of silicon wafer was cut into rectangular pieces of 2 x 1.5 cm dimensions. 
After cleaning the cut wafers with chloroform in an ultrasonic bath for 10 min to 
remove any possible organic surface contaminants, they were rinsed thoroughly 
with absolute ethanol followed by Millipore water. The wafers cleaned by this 
procedure were immediately oxidized with a mixture of H2O2, NH; and Millipore 
water at a volume ratio of 1:1:5 and heated to a temperature of about 70°C for 
about 45 min. The resulting hydrophilic surfaces, referred to as silica wafer in 
this paper, were rinsed with ample amount of Millipore water and blow-dried with 
ultrahigh purity nitrogen. The hydrophilic nature of the surfaces was maintained by 
storing the wafers in absolute ethanol. The silica wafers were rinsed with Millipore 
water and blow-dried with a stream of ultrahigh purity nitrogen prior to each use. 


2.3. Adhesion force measurement 


A Nanoscope-E atomic force microscope (Digital Instruments, USA) equipped 
with an AS-12 E scanner was used to measure the adhesion forces between the 
hydrophilic silica wafers and the functionalized polymer spheres under a controlled 
aqueous environment (Fig. 1). For each set of experiments, a single polymer 
sphere of ca. 10 zm in diameter was carefully glued onto a short cantilever (with a 
spring constant of 0.58 N/m) at positions as close to the cantilever apex as possible 
by means of a micromanipulator under an optical microscope and using a two- 
component Master Bond epoxy polymer (EP21LV, Master Bond, USA). Figure 2 
shows a typical scanning electron micrograph of a 10.4 zm polymer sphere mounted 
onto a rectangular cantilever. 


+— Cantilever 


+— Functionalized polymer microsphere 


Silicon wafer 


Figure 1. Schematic of force measurement between a functionalized polymer microsphere and 
hydrophilic silica wafer using an atomic force microscope (AFM). 
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10 micrometers 


Figure 2. Scanning electron microscope (SEM) micrograph of polymer microsphere glued onto the 
cantilever. 


The cleaned silica wafer and the solution cell assembly, obtained from Digital 
Instruments, were placed under an ultraviolet light in a horizontal laminar flow 
hood for 3 h prior to assembly. This procedure helps to destroy any organic 
contaminant that may adhere onto the surfaces of the substrate and the solution cell. 
After the cantilever assembly was carefully mounted into the solution cell and the 
solution cell mounted onto the AFM, the apparatus was then finally assembled, all 
accomplished in a horizontal laminar flow hood. The probe particle and silica wafer 
were incubated in Millipore water for 6 h prior to adhesion force measurements. At 
least 18 force—displacement profiles at three different locations on a given substrate 
were collected in each freshly prepared electrolyte solution after an equilibrium 
period of 15 min at room temperature. After each set of measurements at a given 
solution pH, the liquid cell was flushed with ample amount of freshly prepared 
solutions of progressively increasing or decreasing solution pH, depending on 
whether it was going from neutral to basic or acidic solution conditions. For each 
set of measurements, the adhesion force between the polymer microspheres and the 
silica wafer surfaces was determined from the deflection of the AFM cantilever as 
it retracted from the surface using the Hooke’s law given below: 


1 Rn 
AF=- —ksD;, 1 
— wks (1) 


i=] 
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where D represents the deflection and kg is the spring constant of the cantilever, 
typically 0.58 N/m. For comparison from one experiment to another, the measured 
pull-off force was normalized by the radius (R) of the probe to obtain the adhesion 
force (F/R). Under a given set of conditions, the measurements were made with 
two independently prepared pairs of samples, each at five different locations. At 
each location, at least five representative force profiles were captured for analysis. 
The calculation of adhesion forces from these 50 force profiles resulted in a 
maximum relative standard deviation of about 10%. This magnitude of relative 
standard deviation is not uncommon as shown by Lieber and co-workers [11, 12]. 


3. RESULTS AND DISCUSSION 
3.1, Adhesion forces between amine-terminated probe and silica 


The normalized pull-off forces between amine (NH2)-terminated polymer sphere 
and hydrophilic silica surface in KCI electrolyte solutions as a function of pH are 
shown in Fig. 3. In a 1 mM KCI solution, the adhesion forces between the amine- 
terminated probe and silica surfaces decreased monotonically from 11 mN/m at 
pH 3 to 1 mN/m with increasing solution pH to 10. The adhesion forces at pH below 
8 were found to decrease with increasing supporting electrolyte concentration. At 
pH 6, for example, the adhesion force decreased from 11 mN/m to 6 and 2 mN/m 
with increasing ionic strength from 1 mM to 10 and 100 mM, respectively. At 
pH > 8 there is little or no effect on the adhesion forces with increasing KCl 
concentration. 

The effects of different types of electrolytes on the adhesion forces between 
amine-functionalized polymer and silica wafer were also examined. The results 
in Fig. 4 show a significant impact of divalent ion addition. The addition of 0.1 mM 
calcium ions at a solution pH of 6, for example, reduced the measured pull-off 
force by half. At higher pH, the measured adhesion forces followed the same trend 
as in the case of without divalent cation addition. A further increase in calcium 
ion concentration to 1 mM caused the adhesion forces to disappear, irrespective of 
solution pH. 

Considering the presence of multiple isoelectric points with different pk, values 
on the interacting surfaces, the pH dependence of adhesion forces between amine- 
terminated probe spheres and silica can be qualitatively explained by interplay of 
electrostatic and van der Waals forces between the surfaces. Within the contact area, 
van der Waals forces and other relevant adhesion interactions such as ionic binding, 
hydrogen bonding, etc. make up overall adhesion forces that can be calculated 
according to the JKR theory [16]. Outside the contact area, the van der Waals 
interactions and electrical double layer forces between a truncated sphere and a flat 
surface add an additional contribution to total adhesion forces. The balance of all 
these contributions can result in from predominantly adhesional to non-adhesional 
contact, depending on the nature of interfacial bonding, charge on the surfaces and 
solution conditions. 
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Figure 3. Normalized adhesion force (Faq/R) measured between amino functionalized polymer 
sphere and hydrophilized silicon wafer as a function of pH under different ionic conditions. 
(DC) 1.0 mM KCl; (A)10 mM KCl; (x) 100 mM KCl. 
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Figure 4. Normalized adhesion force (Faq/R) measured between amino functionalized polymer 
sphere and hydrophilized silicon wafer as a function of pH under different ionic conditions. 
(CG) 1.0 mM KCl; (©) 1.0 mM KCV/0.1 mM CaCl, ; (©) 1.0 mM KCI/1.0 mM CaCh. 
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It is well established that the change of van der Waals forces can be considered 
negligible with changing solution pH and supporting electrolyte concentration 
[17, 18]. The measured adhesion forces in this study do not scale with ionic strength, 
suggesting that the electrostatic double layer forces were not the sole contributor to 
the observed reduction of adhesion forces with electrolyte addition. 

In addition to contact adhesion from van der Waals attraction and hydrogen 
bonding, the electrostatic forces acting between surfaces outside contact area 
can be understood by taking into account the complex chemical compositions of 
surfaces. The usual pK, value for amine surfaces is in the range of 7-8 [19]. The 
hydrophilized silicon wafer in water is, in fact, composed of a relatively thin layer 
of silicon dioxide (SiO, bonds, pX, = 2-3), some of them being hydrolyzed to 
become silanol groups (Si—OH, pK, approx. 6). As a result, silica wafer surfaces 
exhibit essentially zwitterionic behavior due to significant changes of electrostatic 
interactions caused by shifts of acid-base equilibria of different types of surface 
groups [20]. It is, however, known that the actual pK, values for chemical groups 
on surfaces are, usually, lower compared with pK, values of the same groups in 
solution [21]. The difference is attributed to the difficulty in forming charged 
state of the ionizable groups at constrained surfaces due to the influence of nearby 
charged sites. Considering the pK, values and adhesion forces, it can be inferred 
that the amine surface bears strong positive charges in the pH range from 3 to 6, 
and becomes predominantly neutral over solution pH between 8 and 10. In contrast, 
the silica surface, which exhibits zwitterionic behavior due to the presence of SiO 
and Si—OH, is predominantly negatively charged in the solution of pH from 3 to 6, 
and becomes increasingly more negative at pH 7-8 and fully negatively charged in 
solutions of pH from 8 to 10. The pH dependence of surface charging mechanism 
interpreted here is in line with the observations of zeta potential measurements using 
corresponding surfaces [22]. Thus, the variation of both amine and silica surface 
charges can be considered as the reason for the observed variation of adhesion 
forces with solution pH. The charging states of amine-terminated probe and silica 
surfaces at various pH values are shown schematically in Fig. 3. At very low pH, 
the probe surface is strongly positively charged due to protonation of amine groups, 
while silica surface carries negative charges. In addition to the non-compensated 
strong van der Waals forces within the contact area, the opposite charges on the two 
interacting surfaces result in an electrostatic attraction. As a result, a maximum 
adhesion force was measured. An increase in pH causes a steady decrease in 
adhesion forces due to a gradual decrease in protonation of surface amine groups 
at an intermediate solution pH. The reduced protonation translates into a reduced 
positive surface charge density on the probe particle, diminishing the attractive 
electrostatic contribution which, in turn, leads to a decrease in adhesion forces. At 
higher pH, above 10, both amine-terminated probe and silica surfaces bear strong 
negative charges due to ionization of both silanol and amine groups, inducing a 
strong electrostatic repulsion between highly negatively charged surfaces, which 
compensates attractive van der Waals forces. More importantly, such ionization 
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at high pH on silica and amine-terminated probe reduces the potency of hydrogen 
bonding within the contact area, resulting in a decrease of adhesion eventually to 
zero, 

The effect of monovalent and divalent cations addition on adhesion interactions 
can be rationalized as follows. For KCl concentration at 100 mM, a significant 
reduction in pull-off force is observed at pH around 6. Over this pH range, the 
amine surface bears partial positive charges and the silica surface predominantly 
carries negative charge. The addition of 100 mM KCI causes screening of these 
charges, which, in turn, diminishes electrostatic attraction between the surfaces 
and contributes to the reduction of net adhesion. At high pH values (from 8 
to 10), where both surfaces carry negative charges, the electrostatic screening is 
expected to enhance the adhesion interactions. Contrary to expectation, the pull-off 
force remains the same. In these cases, the electrostatic contribution is possibly 
suppressed by hydration effects resulting from the adsorption of counterions on 
the surfaces. The addition of divalent cations showed a much more drastic effect 
on adhesion interactions. The addition of 0.1 mM CaCl,, for example, caused 
an equivalent depression of adhesion as the addition of 100 mM KCl. This large 
difference cannot be accounted for by simple electric double layer compression. 
It appears that calcium cations specifically adsorbed on negatively charged silica 
surface reduce its negative surface charge. This reduction of surface charge 
contributed to a significant reduction in electrostatic attraction between positively 
charged probe particle and negatively charged silica surfaces. Moreover, the 
specific adsorption of positively charged calcium on silica may reduce the potential 
for hydrogen bonding within the contact region, which significantly impacts the 
adhesion interactions. By increasing CaCl, concentration to 1 mM, the adhesion 
disappeared, which supports the above explanation of specific adsorption of calcium 
on silica. The specific adsorption of calcium on silica not only reduces electrostatic 
attraction or even reverses from attraction to repulsion, should silica surfaces 
become charge-reversed, but also induces a strong repulsive hydration force to 
prevent intimate contact where van der Waals forces prevail. 


3.2. Adhesion forces between carboxylate-terminated probe and silica 


The pull-off forces between carboxylate-terminated colloidal probe and hydrophilic 
silica as a function of solution pH at different KCl and CaCl, concentrations are 
shown in Figs 5 and 6. In the presence of 1 mM KCI, the adhesion force shows little 
or no variation with solution pH below 8. However, the measured adhesion force 
decreased drastically from 66 mN/m to 2 mN/m as the solution pH increased from 
8 to 10. The adhesion force profile obtained in this case study closely resembles 
those measured using a molecular force microscope for a similar system (Fig. 2 
in Ref. {11]). However, the forces measured in our study using microsphere are 
an order of magnitude larger than those reported in the literature where AFM tips 
were used. A slight shift of our force profile to a slightly higher pH direction 
reflects a slightly different dissociation environment of carboxylic groups on AFM 
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Figure 5. Normalized adhesion force (Faq/R) measured between carboxylate-functionalized polymer 


sphere and hydrophilic silica wafer as a function of pH under different ionic conditions. (CQ) 1.0 mM 
KCl; (©) 10 mM KCl; (A) 100 mM KCl. 
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Figure 6. Normalized adhesion force (Fag/R) measured between carboxylate-functionalized polymer 
sphere and hydrophilic silica wafer as a function of pH under different ionic conditions. (©) 1.0 mM 
KCI; (x) 1.0 mM KCV/0.1 CaCly; (©) 1.0 mM KCI/1.0 mM CaCh. 
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tip from those on a microshpere, possibly arisen from surface density difference of 
carboxylic groups on these two different probes. It is also interesting to note that the 
adhesion force showed little variation as the concentration of KCI increased from 
1 mM to 10 mM. A further increase of KCl concentration to 100 mM caused a 
significant reduction in the pull-off forces over the pH range of 6-8. The addition of 
0.1 mM divalent calcium ions showed only a little effect on the pull-off force at pH 
below 8. At pH 10, however, an increase in pull-off force from 2 mN/m to 25 mN/m 
was observed. A similar effect of calcium addition on pull-off forces was observed 
when calcium ion concentration was increased to 1 mM. 

The interactions between the carboxylate-terminated probe and silica surface 
cannot be explained by considering only the electrostatic force, van der Waals forces 
and the ionic binding mechanism, all compounded in the JKR theory. Considering 
the pX values for the carboxylate-terminated microsphere and hydrophilic silica 
surface, one would expect similar or weaker pull-off forces than that of the 
amine-terminated microsphere interacting with silica surface. However, the pull- 
off forces are almost an order of magnitude higher for hydrophilic silica interacting 
with carboxylate-terminated than with amine-terminated sphere under the similar 
conditions. Hydrogen bonding appears to be a controlling factor in determining 
adhesion between the carboxylate-terminated probe and the hydrophilic silica 
wafer [23]. The pK, value of carboxylate-terminated surfaces (pK, around 8) has 
been determined to be several units higher than that of carboxylate in solution [24}. 
The increase in adhesion force below pH 8 is attributed to hydrogen bonding 
between the proton of the carboxylic acid group [||RC(O)OH] on the sphere and 
the oxygen atom on the silica wafer [||SiOJ, and between proton of silanol group 
on silica wafer [||SiOH] and oxygen of both carboxylate [||COO7] and carboxylic 
acid {||RC(O)OH] groups on the sphere. Symbol || in this paper emphasizes the 
species on a surface. Evidence of hydrogen bonding was further substantiated by 
a rapid decrease in pull-off forces at pH above 8 where the carboxylic groups and 
hydrolyzed silica surfaces are substantially deprotonated to become ||C(O)O™ and 
||SiO~, respectively, a system with diminishing hydrogen bonding potency. Further 
increase in solution pH to 10 results in a strong electrostatic repulsion between 
highly negatively charged surfaces without hydrogen bonding and hence a zero 
adhesion force. It is clear that the adhesion between carboxylate-terminated sphere 
and hydrophilic silica surfaces in an electrolyte solution is controlled collectively by 
electrostatic interactions, van der Waals forces and hydrogen bonding. Because of 
this nature, the adhesion forces between the carboxylate-terminated probe and silica 
surfaces (Figs 5 and 6) were determined to be much stronger than that between the 
amine-terminated probe and silica surfaces (Figs 3 and 4). 

Ionic binding appears to be the main controlling factor in determining adhesion, 
as shown in Fig. 3 between the amine-terminated probe and silica surfaces. At 
pH below 6 the amine probe is fully protonated, whereas the silica surface is 
predominantly negatively charged and hence an ion pair is formed, resulting in 
an adhesion interaction. It appears that this type of ionic interaction is almost an 
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order of magnitude smaller than that of hydrogen bonding. The constant decrease 
in adhesion force above pH 6 is attributed to deprotonation of the amine group anda 
constant increase in negative charge on the silica surface, i.e., repulsion between the 
amine lone pair electrons and the negatively charged silica surface. At pH above 8, 
the silica surface is fully negatively charged and the amine probe is substantially 
deprotonated, resulting in a zero adhesion force between these two surfaces. 

After establishing hydrogen bonding as an important factor in controlling the 
adhesion between a carboxylare-terminated sphere and a flat hydrophilic silica 
surface, it is reasonable to envision a less sensitive effect of KCl concentration 
on the measured adhesion forces between a carboxylate-terminated sphere and a 
flat hydrophilic silica surface than between an amine-terminated sphere and a flat 
hydrophilic silica surface, as shown in Figs 5 and 3, respectively. The screening 
effect of electrostatic interaction by concentrated electrolyte appears to account for 
the observed decrease in adhesion forces between a carboxylate-terminated sphere 
and a flat hydrophilic silica wafer by increasing KCl concentration to 100 mM, 
which diminishes the electrostatic contribution to adhesion between the surfaces. 
At pH values higher than 8, both surfaces are highly charged as such that hydrogen 
bonding is minimized to cause non-adhesional contact. In this case, screening of 
electrostatic double layer repulsion does not really help in inducing adhesional 
contact due to the lack of attractive nature. It is interesting to note the minimal effect 
of calcium addition on the measured adhesion. Considering specific adsorption 
of calcium on both carboxylate-terminated sphere and highly hydrophilic silica, 
the loss of hydrogen bonding by calcium adsorption is anticipated to be well 
compensated by bridging of calcium ions. Overall, the adhesion shows a minimal 
response to calcium addition at pH below 8. At pH higher than 8, calcium bridging 
(|| COO—Ca—OSil|) due to its specific adsorption induces adhesion for a system 
absent of adhesional contact due to hydrophilic nature of interacting surfaces and a 
lack of hydrogen bonding. 


3.3. Adhesion forces between amine-terminated probe and amine-terminated silica 


flat 


The adhesion forces were also measured using an amine-terminated polymer sphere 
and amine-terminated silica flat. The amine-terminated silica wafer was prepared by 
direct silanation with 3-aminopropyltriethoxysilane, following the procedures given 
by Xu et al. [25]. The results in Fig. 7 show that at pH below 5, the surfaces are 
not in adhesional contact in 1 mM KCI solutions. At this pH, the amine-terminated 
surfaces can be considered to be highly protonated to carry strong positive surface 
charges and hydrated to prevent proximate contact in such a way that van der Waals 
forces are not sufficient to cause adhesional contact. As pH increases above 5, 
the surfaces become less protonated, although remain positively charged overall. 
Under such conditions, one expects a reduction in both hydration and electrostatic 
repulsive interactions with increasing solution pH. As a result, a relatively small 
adhesional contact is anticipated due to attractive van der Waals forces at small 
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Figure 7. Normalized adhesion force (Fyq/R) measured between amine-functionalized polymer 
sphere and amine-functionalized silica wafer in 1 mM KCI solution as a function of pH. 


separation distances. At pH above 10, the amine groups are anticipated to be fully 
deprotonated to become neutral amine groups. Under such condition, a minimum 
hydration of a neutral surface is anticipated to cause a maximum adhesion of 
10 mN/m, which is significantly smaller than the case where hydrogen bonding 
is available such as shown in Figs 5 and 6. A similar adhesion force profile 
between an amine-terminated AFM tip and an amine-terminated flat surface was 
reported in Ref. [11] (Fig. 1). Vezenov et al. attributed the strong adhesion at 
pH above 6 to hydrophobic nature of surface, although it is hard to comprehend 
the hydrophobic nature of amine-terminated surfaces. The presence of defects in 
their surface modification might have led to modified surfaces with considerable 
hydrophobicity. 


3.4, Adhesion forces between carboxylate-terminated probe and amine-terminated 
silica flat 


To relate adhesion forces to protein folding, it is instructive to measure adhesion 
forces between carboxylate-terminated probe and amine-terminated silica flat, as 
these two functional groups are major constituents of amino acid building blocks 
for proteins. The measured adhesion forces in Fig. 8 show only a little effect of 
changing solution pH. In general, the measured adhesion forces are 6-times weaker 
than those measured between carboxylate-terminated silica and hydrophilic silica 
surfaces. The weaker adhesion between carboxylate-terminated probe and amine- 
terminated silica flat is attributed to the absence of hydrogen bonding between the 
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Figure 8. Normalized adhesion force (Faq /R) measured between carboxylate-functionalized polymer 
sphere and amine-functionalized silica wafer in 1 mM KCl solution as a function of pH. 


two interacting surfaces at pH < 8. At pH > 8 one would expect a decrease 
in adhesion force between the probe and amine-terminated surface due to the 
presence of repulsion between the lone pair electrons of neutral amine groups and 
negatively charged carboxylic surface. Although intriguing, it remains unclear as to 
why the adhesion force between two oppositely charged surfaces is independent of 
solution pH within the pH range studied. Nevertheless, this behavior appears to be 
related to the opposite directions of surface charge density changes with increasing 
solution pH, with amine groups becoming less positively charged by deprotonation, 
while carboxylic acid groups being gradually ionized to become progressively more 
negatively charged with increasing solution pH. The implication of this study is 
that one would expect folding of polymeric protein molecules in aqueous solutions 
due to a substantial adhesion (11 mN/m) between the amine and carboxylic acid 
groups of amino-acid moieties which are building blocks of proteins. Considering 
a weak adhesion varying from 0 to 10 mN/m with pH from 5 to 10, however, only 
a weak pH dependence of polymeric protein folding is anticipated. Recognizing 
hydrogen bonding as a major contributor to adhesion as revealed from this study, 
one would expect a strong pH dependence of protein folding, arising from intra- 
hydrogen bonds between carboxylic acid moieties on amino acids. At a solution 
pH below the pX,, carboxylic acid groups dominate and strong hydrogen bonding 
between nearby carboxylic acid groups would result in a strong adhesion. At 
a pH higher than the pK,, on the other hand, the surfaces become dominated 
by carboxylate groups, not only reducing hydrogen bonding potency, but also 
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inducing a strong electrostatic repulsion between anionic carboxylate groups. In this 
case, adhesion interaction may well disappear. Unfortunately, the measurement of 
adhesion between carboxylate-terminated probe and carboxylate-terminated silica 
wafer was not performed due to technical difficulties in preparing robust and smooth 
carboxylate-termined silica surfaces in our laboratory, that would be used in our 
AFM force measurements. However, our expectation is in line with a recent report 
by Vezenov et al., who showed a much stronger adhesion of the carboxylic acid- 
terminated AFM tips with the carboxylic acid terminated flat surface than with the 
hydroxyl-terminated flat surface [11]. 


4. CONCLUSIONS 


The adhesion force measurement reported in this study clearly demonstrates an 
important role of hydrogen bonding in adhesion interactions. Whenever there is 
a potential for hydrogen bonding, a strong adhesional contact is observed, although 
long-range electrostatic and short-range hydration repulsion also play vital roles. 
Translating these insights into folding of protein molecules in a biological system, 
it is desirable to eliminate intra-chain hydrogen bonding and to maximize hydration 
and electrostatic repulsion. This can be accomplished collectively by increasing 
surface charge densities of carboxylic acid groups, for example, with increasing 
solution pH or protonation of amine groups with decreasing solution pH. 
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Abstract—Pull-off force measurements were carried out between gold-coated atomic force micro- 
scope (AFM) cantilever tips modified with self-assembled monolayers (SAMs) of thiols and similar 
SAMs prepared on gold-coated silicon wafer surfaces in air with a relative humidity level less than 
15%. The gold sputtered silicon wafer substrate formed a granular morphology with dimensions of 
30-50 nm. The radii of curvatures for the two different cantilever tips used in this study were 32 nm 
and 53 nm. Pull-off force results were analyzed using the Derjaguin—Muller—Toporov (DMT) contact 
mechanics theory to determine both surface free energy (y) for OH, CH3, CO2H and NH2-terminated 
monolayers and the resultant work of adhesion (Wa) between SAMs. The analysis took into account 
the coarse morphology of the gold coating. It was found that the y and Wa, values determined with the 
AFM technique approached similar thermodynamic parameters as calculated from the Lifshitz—van 
der Waals/Lewis acid—base interaction theory using advancing contact angles; however, the high ends 
of the adhesion force distributions significantly exceeded the predicted values. This discrepancy is dis- 
cussed in terms of multiple contact points experienced by a probe penetrating into the grain structure 
of the gold coating. 


Keywords: Adhesion; atomic force microscopy; chemical force microscopy; contact angles; pull-off 
forces; surface free energy; surface tension. 


1. INTRODUCTION 


Pull-off (adhesion) force measurements carried out by atomic force microscopy 
(AFM) techniques have shown promise for determining solid surface free energy 
(v) values at a sub-micrometer scale [1-22]. The mechanics of an AFM force mea- 
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surement have been described extensively elsewhere [23] and are not discussed here. 
The calculation of y from adhesion force measurements is quite straightforward and 
involves normalization of the measured adhesion forces by the contact area to yield 
the work of adhesion (Wa). The inability to directly measure the contact area for 
most AFM measurements is circumvented by applying one of a number of theo- 
retical contact mechanics models. The models derived by Derjaguin, Muller and 
Toporov (DMT model) for very small, rigid probes interacting with smooth, rigid 
substrates of low y [24] and Johnson—Kendall—Roberts (JKR model) for larger 
probes in systems with rather high surface energies [25], are the most frequently 
used in the analysis of pull-off forces [17, 26]. According to these two models, 
the correlation between the measured adhesion force (F’) and the work of adhesion 
(Wa) is as follows: 


F=xnRWa, (1) 


where the constant x equals 2 for the DMT model and 1.5 for the JKR model, and R 
is the probe apex radius of curvature. The work of adhesion per unit contact area is 
related to y values by the Dupré equation [27]: 


Wa = 13 + ¥23 — V2; (2) 


where 73 is the solid 1-—medium (substrate—air) interfacial energy, 23 is the 
solid 2—medium (probe—air) interfacial energy and y,2 is the solid 1—solid 2 
(substrate—probe) interfacial energy. 

In reality, no surface is perfect, and representation of the true contact area between 
the AFM cantilever probe and a substrate by one of the contact mechanics model 
is difficult. Surface asperities of rough surfaces can either reduce or increase the 
contact area of interacting surfaces, and often various contact areas are encountered 
between successive measurements for the same system [28]. This phenomenon 
is evident in reporting data as a distribution of adhesion force values [28, 29]. 
Similarly, heterogeneities in surface composition lead to a collection of adhesion 
force values for a single system that actually encompasses a myriad of local 
surface compositions [30]. This is especially true for pull-off force measurements 
with submicroscopic probes, whose responses are sensitive to molecular and 
nanoscale variations in substrate composition, changes in molecular conformations, 
boundaries between molecular domains and compositional defects of the substrate. 
Contamination may also alter a solid’s y, and, therefore, affect the adhesion force 
measurement. 

The measurement of adhesion force itself is not foolproof either. For measure- 
ments in ambient air, a number of precautions must be taken. Capillary bridging has 
been shown to significantly alter the magnitude of adhesion force measured [31, 32). 
This is due to condensation of water in nanoscale separations formed around the 
probe-substrate contact area. The subsequent meniscus force often dominates the 
measured pull-off force. The size of the condensed water bridge and, therefore, the 
operating capillary forces, depend on the humidity level and the wetting characteris- 
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tic of the interacting surfaces. Operation in liquids or, conversely, dry environments, 
has been shown to reduce or eliminate the capillary bridging effect [4, 21, 31-36]. 

Additionally, contacting surfaces in dry atmospheres are prone to static charging 
for non-conducting surfaces. Static charges may result in an attractive or repulsive 
force between the probe and the substrate, depending upon charge similarity [37]. 

In this research, adhesion force measurements were conducted between standard 
isotropic AFM cantilever tips and surfaces portraying nanoscale roughness and 
heterogeneity, both coated with a gold film and then modified with self-assembled 
monolayers of thiols. Nanoscale imperfections of substrates are common features 
of real-world materials, and their effects on measured AFM pull-off forces require 
investigation. 


2. EXPERIMENTAL 
2.1, Reagents and materials 


1-Hexadecanethiol, 16-mercaptohexadecanoic acid, and 11-mercapto-1-undecanol 
were obtained from Sigma-Aldrich (Milwaukee, WI, USA). 11-amino-1-undeca- 
nethiol hydrochloride was received from Dojindo Labs (Kumamoto, Japan). Thiols 
were dissolved in histological grade methanol to concentrations of 1 mM. Solutions 
were shaken for complete dissolution, except for 16-mercaptohexadecanoic acid, 
which needed to be ultrasonicated for 10 min. Solutions were sealed and stored 
at 5°C, 

Pieces of silicon (Si) were cut from a single (100) wafer obtained from MEMC 
Corporation (St. Peters, MO, USA). Si pieces were held in a stream of air to remove 
all Si shards, and then inserted into a UV cleaner (Bioforce Labs, Ames, IA, USA) 
for 1 h. The Si pieces were next coated with 10-12 nm of Au in a Polaron SEM 
Limited 5000 type sputter coater. Coated pieces were reinserted into the UV cleaner 
for one hour, before immersion into the thio! solutions for 16 h. Upon removal from 
the solutions, the Si pieces were individually placed in a beaker containing methanol 
and ultrasonicated for 2 min to remove any secondary layers of thiol molecules. The 
Si pieces were then rinsed in methanol for 10 s, and dried at 70—80°C for 30 min 
prior to testing. 

AFM cantilever tips were Olympus TR800PSA-1 contact mode cantilevers with 
spring constant calibrated at Asylum Research (Santa Barbara, CA, USA) using the 
thermal noise method. All probes were placed in the above stated UV cleaner for 2h 
prior to immersion in thiol solutions for 16 h. Upon removal, all probes were given 
a methanol bath for one minute, and then dried in a 70-80°C oven for 30 min. 
Immediately after drying, pull-off force measurements were made to ensure only 
fresh thiol monolayers on the probe surface were tested. For the second round of 
functionalities, the initial SAMs were removed by placing again in the UV cleaner 
for 90 min. The cleaned probes were then placed in the thiol solutions following 
the procedures for the initial monolayer application. To ensure monolayer integrity, 
samples were kept sealed in dry conditions between monolayer applications. 
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In the next part of the report, the substrates (and probes) modified with the 
self-assembled monolayers of 1-hexadecanethiol, 16-mercaptohexadecanoic acid, 
11-mercapto-1-undecanol and 11-amino-1-undecanethiol are referred to as CHs, 
CO 2H, OH and NH; surfaces (probes), respectively. 


2.2. Scanning electron microscopy (SEM) imaging 


An FEI Dual-Beam Strata 235 Focused Ion Beam-Scanning Electron Microscope 
(FIB-SEM) was used for all SEM imaging. The DB235 is equipped with a field 
emission gun SEM. All images were captured using a 2 kV electron accelerating 
voltage, a 30 ym objective aperture, spot size of 3 and working distance between 
3-5 mm. Images were captured using the through-lens detector (TLD) in secondary 
electron mode. Ultra-high resolution (UHR) imaging mode available on this system 
was used to capture all images. 


2.3. Blind tip reconstruction of the AFM tip 


Upon completion of adhesion force measurements (described below), the cantilever 
tips were characterized using the technique of blind tip reconstruction (BTR). Here, 
each probe was scanned over a TGTO1 grating (NT-MDT, Moscow, Russia). Scan 
sizes ranged from 2 wm x 2 wm to 5 wm x 5 ym in the lateral directions, 
with z-scale (height) of either 2 um or 3 wm. A height image was captured, 
and next analyzed using Deconvo 1.1 software (Silicon-MDT, Moscow, Russia). 
This software performs a tip reconstruction algorithm according to the technique of 
Villarubia [38]. 


2.4. Tapping-mode AFM 


Topographical images were obtained for each surface using the intermittent contact 
mode operation on a Digital Instruments Dimension 3000 AFM (Santa Barbara, 
CA, USA). 2 wm x 2 wm images with 256 x 256 resolution were captured for each 
surface, using a scan rate of 1 Hz. All images showed a similar ‘coarse’ topography 
with characteristic 30-50 nm grains. Next, 2 4m x 2 wm images with 512 x 512 
resolution were obtained for surface asperity measurements at a scan rate of 0.75 Hz 
for the CH; surface. Since all surfaces showed similar topography at the 2 44m scan 
size, the asperity data from the CH; surface were assumed for all surfaces tested. 


2.5. Contact angle measurements and analysis 


Advancing and receding contact angles were measured with a Kriiss G10 contact 
angle goniometer. Three probe liquids with different surface tensions and surface 
tension components ((deionized water (15-18 MQ), ethylene glycol (99.9%, 
Fisher Scientific) and diiodomethane (99%, Sigma-Aldrich)), were used for these 
measurements. The contact angles were measured for at least 5 liquid drops having 
a base diameter from 6 to 10 mm. Measurements were carried out 10-20 s after 
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adding/ withdrawing enough liquid to/from the drop in order to visually observe a 
change in the drop size, ensuring measurement of the drop’s equilibrium shape. All 
measurements were conducted at room temperature, 20-22°C. 

The surface free energy and surface free energy components of substrates were 
calculated using the Lifshitz—van der Waals/Lewis acid—base interaction model 
developed by van Oss, Chaudhury and Good [39, 40]. The model assumes that the 
surface free energy, y, of a solid or a liquid can be divided into the Lifshitz—van der 
Waals surface free energy component (y') and the acid-base component (748), 
which is related to the acidic (electron acceptor) parameter (y~), and the basic 
(electron donor) parameter (y~), as: 


Tae es a (3) 
Yor a 2iyeye: (4) 


The model also assumes that the interfacial free energy can be calculated based on 
the geometric mean approach: 


Ysi = O/¥s — VV). (5) 


Combining this equation with Young’s equation results (equation (6)), which 
is commonly used to calculate the surface free energy and surface free energy 
components of a solid surface, based on contact angle measurements: 


niv(1 + cos 6) = 2( ere +Vy¥sv ty 10). (6) 


Equation (6) contains three unknowns (yg, ys, ys"); therefore, three liquids of 
known components must be used for contact angle measurements. The measured 
contact angle (@) for each liquid, along with its known surface tension components 
(VEY. vo. ¥7) can be inserted into equation (6). The three equations may then 
be solved simultaneously to obtain values for the unknown surface free energy 
components of the measured solid surface. The liquids used in contact angle 
measurements and their surface tension components are shown in Table 1. 


Table 1. 

Surface tension components (in mN/m) of the liquids used in contact angle measurements 

Liquid YL aa “L “ 
Diiodomethane 50.8 50.8 ~0 0 
Ethylene glycol 48.0 29.0 3.0 30.1 


Water 72.8 21.8 25.5" 25.5" 


“Values assumed by van Oss, Chaudhury and Good. 
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2.6. Adhesion force measurements 


This study presents pull-off force measurements performed in ambient air. Sub-15% 
relative humidity levels were maintained during measurements, well below the bulk 
water condensation level, and thus adsorbed water layer effects are considered sec- 
ondary. Adhesion force measurements were performed on a Dimension 3000 AFM 
with a NanoScope IIa controller (Digital Instruments, Santa Barbara, CA, USA). 
Pull-off force (/) measurements were performed at a scan rate of 0.498 Hz, with 
a ramp size of 750 nm for cantilever A (spring constant k = 0.189 N/m) and 
350 nm for cantilever B (k = 0.691 N/m), and captured with a resolution of 256 
points/measurement. Ten random spots per surface, with ten measurements per 
spot, were captured for each tip-substrate system. The force measurements were 
then analyzed with SPIP software (Image Metrology, Lyngby, Denmark), which 
translates the force—distance data to force—load curves. 

A Zerostat® 3 Anti-Static Instrument (Aldrich, Milwaukee, WI, USA), that 
produces a stream of positive and negative ions, was applied to all surfaces prior 
to adhesion force measurements. In addition, slow scan rates (0.5 Hz) and light 
loads (<20 nN) were implemented to eliminate air damping of the cantilever, and 
to minimize probe deformation upon contact, respectively [17]. 


3. RESULTS AND DISCUSSION 
3.1. Tip characterization 


Representative Field Emission Gun (FEG)-SEM images of two gold-coated probes 
used in this study are shown in Fig. 1. It is apparent from these pictures that the two 
probes have different apex shapes and sizes. To estimate tip radius of curvature, a 
‘zoomed-in’ section of each image that included the probe apex and scale bar was 


Figure 1. FEG-SEM images of probe tips used in adhesion force measurements. Tips are classified, 
from left to right, as A and B. 
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Table 2. 
Estimates of tip radii from BTR and SEM techniques 


Probe Scan size Tip radius determined Tip radius determined 
(lx w xh) by BTR from SEM micrographs 
(4m) (nm) (nm) 

A 5x5x2 48.1 
2x22 59.5 ae 

B 5x5x2 31.5 
5x5x2 35.3 Pee 


printed out. Next, three different circles were fitted to the image. These circles were 
then calibrated against the scale bar. The intermediate circle was selected to be 
the approximate tip radius, while the smaller and larger circles were used to create a 
range of radii values, which undeniably encompassed the true radius. This technique 
yielded the following tip radii: R = 52.544 nm for A and R = 32.0+2 nm forB 
(Table 2). 

Upon completion of adhesion force measurements, the tips were re-characterized 
using the BTR technique. The results from this analysis are shown in Table 2. 

As shown in Table 2, the BTR and SEM radii estimates correlate well. This 
suggests that the probe apex was not plastically deformed during adhesion force 
measurements. Therefore, normalization of adhesion force data presented in the 
next part of the paper was performed with the tip radii estimated from the FEG- 
SEM images. 


3.2. Sample surface characterization: topographical analysis 


A Tapping-Mode image of the CH3-functionalized surface used in performing adhe- 
sion force measurements is shown in Fig. 2. Topographical analysis involved taking 
high magnification AFM Tapping-Mode images, and analyzing cross sections of 
these surfaces in order to obtain quantitative information on surface morphologies. 
Three 300-nm dimension images of the CH3 surface were captured, and three dif- 
ferent cross sections were analyzed for each image yielding a total of nine cross 
sections for analysis of surface topography. A typical cross-section is shown in 
Fig. 3 along with a high magnification Tapping-Mode image representative of all 
surfaces used. 

Each cross section produced several asperities that were clearly defined, and were 
subsequently used for analysis. To simplify the analysis, all asperities were assumed 
to be spherical caps. The average length (/) of an asperity was measured, along 
with its height (A), and the asperity radius (R) was determined using the following 
equation: 


R = (h? + (1/2)’)/(2h). (7) 


The surfaces displayed an array of asperities with radii 40+8 nm. In addition, peak- 
to-peak distances were measured to be approx. 50 nm, and heights were <10 nm. 
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Figure 2. Tapping Mode image of a gold-coated Si wafer surface used in adhesion force measure- 
ments, which is representative of all samples tested. 
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Figure 3. High-magnification Tapping Mode image (top) and cross-section of surface (bottom). 
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From the AFM images of substrates, the distance between gold islands was 
estimated to be <5 nm. We expect that this spacing could be the area of silicon 
wafer surface that is uncoated with gold and, therefore, may remain unmodified 
with self-assembled monolayers and affect contact angles (see next section). The 
space between gold islands was assigned to be <10% of the total surface area of the 
substrate. 


3.3. Sample surface characterization: contact angle analysis 


Advancing and receding contact angles measured on SAMs are shown in Table 3. 
Our samples had different wetting characteristics than previously reported for 
similar substrates [9, 41, 42]. For example, advancing water contact angles close 
to a zero value were reported for CO2H terminated SAMs [41, 42], whereas the 
SAMs used in this study had advancing contact angles of about 84 degrees (Table 3). 
The cause(s) of such significant discrepancy between advancing contact angles 
is not clear to us. Possible causes include a limited purity of thiol commercial 
products used in this study, contamination of the substrates with air- and liquid- 
borne contaminants [43] and aging effects. Several repeated measurements with 
different samples provided reproducible data comparable to those shown in Table 3. 
Some of the results are also close to contact angle values that we reported earlier 
for CO.H terminated SAMs prepared in Prof. Whitesides’ laboratory at Harvard 
University [43]. A small difference is of no surprise and is attributed to a rough and 
heterogeneous nature of the samples studied in this program (see previous section). 
Because the major goal of this program is to compare the solid surface free energy 
values as determined by contact angle technique with those determined based on 
pull-off force measurements for substrates of different wetting characteristics, the 
discrepancy between wetting properties of our samples and similar substrates used 
by other groups should have no impact on the outcome of this study. 

Contact angle hystereses as large as 51, 43 and 30 degrees for water, ethylene 
glycol and diiodomethane, respectively, were recorded (Table 3). Large hystereses 
indicate a rough and/or heterogeneous nature for the substrates. We expect 
that intergranular areas are probably not well modified with SAMs, and may be 


Table 3. 
Advancing (Adv.) and receding (Rec.) contact angles and contact angle hysteresis (Hyst.) measured 
on self-assembled monolayers 


Surface Contact angle (deg) 
Water Ethylene glycol Diiodomethane 
Adv. Rec. Hyst. Adv. Rec. Hyst. Adv. Rec, Hyst. 


CH3 106.842.8 78.142.4 28.7 85.7+0.3 5244+0.7 33.3 63.742.3 38.342.2 25.4 
COoH 844243.1 40441.0 44.0 53.540.2 16443.5 37.1 42.941.3 12.940.8 30.0 
OH 65.4+2.8 28.6413 368 41.7415 7641.9 34.1 18542.8 7.8408 10.7 
NH2 70.343.1 19.3242.0 51.0 498414 6820.2 43.0 204424 6242.4 14.2 
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Table 4. 
Surface free energy and its components from contact angle analysis 


Surface Surface free energy components (mJ/m*) Surface free 
energy (mJ/m7) 
yen vs Vs. ys 
CH3 26.4 0.5" 11" 27.9 (26.4)" 
CO2H 38.1 0.1 3.5 39.3 
OH 48.2 0.3 18.8 52.9 
NH? 47.7 0.8 17.1 55.0 


“Non-zero values for the electron-acceptor and electron-donor components of the CH3 terminated 
SAM result from imperfect substrates used in this study. After assumption that ve = Ys = 0, the 
surface free energy is reduced to the value of the Lifshitz—van der Waals component. 


responsible for pinning of the three-phase contact line during the contact angle 
measurements. 

The surface free energy components for self-assembled monolayers used in this 
study, estimated through the Lifshitz—van der Waals/Lewis acid—base interaction 
model using average advancing contact angles from Table 3 are shown in Table 4. 

Using the surface free energy and surface free energy components from Table 4, 
the adhesion values between symmetrical and asymmetrical self-assembled mono- 
layers were estimated in terms of work of adhesion (Wa) or work of cohesion (Wc) 
using the following equations: 


We = 2ys, (8) 


Wa= 2( Ys yp + ys yp +y nH) (9) 


where subscripts S and P refer to SAMs on the surface and probe, respectively. The 
results of calculations are shown in Table 5 (last column). 


and 


3.4, Adhesion force measurements 

Histograms displaying adhesion forces (F’) for all systems tested are shown in Figs 4 

to 6. Based on these results, the following observations were made: 

(1) A wide range of pull-off force (POF) values was recorded for each system. 

(2) The distribution of adhesion forces varied characteristically between the probes, 
as well as between surface functionalities. 

(3) Several systems showed multi-modal distributions, instead of commonly re- 
ported Gaussian distributions for adhesion force measurement studies. 

The first step in data analysis was to normalize the adhesion force measurement 
values using the probe tip radius of curvature (ROC). For measurements on a flat 
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Calculated Wa values from adhesion force (DMT) measurements and contact angle analysis (CAA) 


System Probe F (mean) F/R* Wa-DMT Wa-CAA 
(nN) (N/m) (mJ/m?) (mJ/m?) 

CH3~—-CH3 A 7.8 0.27-0.46 43,7-73.0 55.8 (52.8)" 
CH3—CO?H A 12.5 0.44-0.74 70.0-117.0 66.7 
CH3—NH; A 13.4 0.47-0.79 75.1-125.4 78.7 
CH3—OH A 16.3 0.57-0.96 91.3-152.6 78.6 
OH—CH3 B 8.1 0.37-0.60 58.6-94.8 78.6 
OH—CO2H B 117 0.53-0.86 84.6- 136.9 90.5 
OH~NH) B 14.2 0.65 -1.04 102.7-166.2 108.2 
OH—OH B 15.1 0.69-1.11 109.2-176.7 105.8 
NH2—CH3 B 10.2 0.46-0.75 73.8-127.5 78.7 
NH2—CO2H B 10.9 0.50-0.80 78,8~127.5 91.2 
NH) —NH B 13 0.59-0.96 94.0-152.1 110.0 
NH)—OH B 14.8 0.67-1.09 107.1-173.2 108.2 


* After assumption that ys = m, 
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Figure 4. Histograms of adhesion forces between different surfaces and probe A modified with CH3 


functionality. 
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Figure 5. Histograms of adhesion forces between different surfaces and probe B modified with OH 
functionality. 


surface, the tip’s ROC is the correct normalizing factor, however, as can be seen in 
the three-dimensional representation of the CH; surface in Fig. 7, the tested sample 
surfaces were not flat. For sample systems displaying similar surface topographies, 
it is appropriate to normalize the adhesion data with the reduced radius, R*: 


R= Rtip Rsurface/ (Rip a Rsurface)- (10) 


This technique produced the following reduced radii: R* = 22.7 + 5.7 nm for 
cantilever A and R* = 17.8 + 4.2 nm for cantilever B. 

Table 5 displays the adhesion force measurement results normalized by R*. Also, 
the values of work of adhesion (Wa) were calculated using the DMT contact 
mechanics model. To validate the use of DMT mechanics to describe the adhesion 
contact in the AFM experiment, the Maugis parameter was calculated [44]. The 
dimensionless parameter (A) was calculated using the following formula [44]: 


A = 2.06/zo(RW2/m K*)'/3, (11) 


where Z, is the equilibrium separation distance between the probe and the substrate, 
R is the radius of the probe, and K is the reduced elastic modulus of the contacting 


system. 
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Figure 6. Histograms of adhesion forces between different surfaces and probe B modified with NH2 
functionality. 


Figure 7. Three-dimensional representation of the CH3 surface used in measuring adhesion forces 
(z-scale = 25 nm). Topography typical for all surfaces tested. 


If A < 0.1, DMT mechanics would apply. A large parameter, 4 > 5, is indicative 
of JKR mechanics for describing the contact. In general, for low-energy (low W) 
surfaces and rigid (high K) materials, the lower the calculated parameter 2, the 
more accurate the DMT description of the deformation. To verify the use of DMT 
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mechanics in this work, the ‘least’ DMT-like system was analyzed. That is, of all 
surfaces tested in this research, the highest energy surface with the largest probe 
radius was calculated. Therefore, probe A (R = 53 nm) with a NH) functionality 
(Wa = 110 mJ/m?) was analyzed. In order to simplify our analysis, deformation of 
gold instead of gold-monolayer was considered (see Ref. [17] for more detailed 
analysis of the gold-SAM system). The reduced elastic modulus (K) for this 
system was calculated from elastic modulus (E = 78 GPa) and Poisson’s ratio 
(v = 0.42) values for gold taken from Callister [45] using the following equation 
for a symmetrical particle—surface contact. 


1/K =1.5(1—v’)/E. (12) 


Equation (12) yields K = 63.1 GPa. The Maugis parameter was then calculated 
using Zo = 0.2 nm, and was found to be small (A = 0.17). The A value is only 
slightly larger than 0.1, and therefore, we do not make any significant error selecting 
the DMT mechanics model to analysis of the cantilever tip-substrate systems used 
in this study. Note that in our previous paper [17] we assumed z, incorrectly to be 
2.5 nm instead of 0.2~—0.4 nm. This mistake, however, does not influence any of the 
general conclusions reached in the previous study. 

For reference, the theoretical Wa from contact angle analysis (Wa-CAA) is also 
included in the last column of Table 5. The results in Table 5 show that most 
of the calculated Wa values approach those predicted from advancing contact 
angle analysis. The only significant inconsistency was noted for the CH;—OH 
system with cantilever A. However, it was also noted that much of the high- 
end distribution of Wa values determined through pull-off force measurements 
significantly exceeded the values calculated from the advancing contact angle data. 
These discrepancies suggest either limitations of the model used in this study, or 
effects of surface imperfections on pull-off forces. Although the inter-grain area 
of the substrates probably served as higher energy regions, the small dimensions 
of the crevices could not allow the cantilever tip to penetrate them deep enough 
to sense the high y of unmodified silicon. Instead, penetration of the tip into 
crevices likely caused the formation of multiple contact points between the tip and 
the modified gold grains in pull-off force measurements. Figure 8 shows a schematic 
representation of how multiple contact points could be made between the probe and 
the spherical caps making up the topography of the sample surfaces. 

Additional support for multiple contact points between the tip and the substrate is 
the multi-modal distributions of some of the pull-off forces shown in Figs 4—6. For 
example, consider the force data for the CH3—OH system with probe A in Fig. 4. 
The data show two distinct frequencies at approx. 12 and 20 nN, likely resulting 
from one and two contact points, respectively. Similar bimodal force distributions 
can be distinguished for CH;—NH2, NH2—CH3, NH2—CO2H, and NH,—OH 
systems, Other data are less distinguishable regarding bi-modal distributions of 
the results. 
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Silicon water 


Figure 8. Schematic illustration of multiple contact scenarios during an adhesion force measurement. 
(A) a single contact point can be made, (B) multiple contact points can be obtained, and (C) shows 
how an initial single contact point may slide to yield multiple contact points. 


The hypothesis developed from this research only suggests one possibility for the 
ranges of reported POF values in this and similar reports. In a work by McKendry 
et al. [46], POF distributions were examined for both single-crystal (atomically 
flat) gold substrates and polycrystalline gold substrates, similar to those studied 
in this paper. The surfaces were modified with a CO2H-terminated SAM. For 
the single-crystal gold, a narrow distribution was reported for POF measurements, 
where the polycrystalline gold yielded a broader distribution of POF values, which 
also showed a multi-modal character. The authors hypothesized that different 
orientations of the SAM between gold domains for the polycrystalline substrate was 
the cause for the broad distribution of reported data. The authors also commented on 
the possibility for angled contacts on the polycrystalline surface to touch different 
areas of the probe, representing different contacting surfaces between successive 
measurements. This phenomenon would certainly have an effect on the spread of 
the POF values recorded in our study. 


4, CONCLUSIONS 


Adhesion force values between isotropic gold-coated AFM probes and wafer 
surfaces sputtered with a coarse gold coating and subsequently modified with self- 
assembled monolayers of thiol molecules terminated with CH3, CO2H, OH and 
NH; functionalities were measured. The magnitude and distribution characteristics 
of the measured adhesion forces varied between tips and surface functionalities. 
Also, as expected for sharp probes (approx. 60-100 nm in diameter) interacting 
with imperfect substrates having a rough topography with dimensions of asperities 
varying from about 30 to 50 nm, broad distributions of adhesion forces were 
measured for all systems. The adhesion force frequency distributions often had 
a bimodal character. 

Work of adhesion values calculated from DMT contact mechanics theory ap- 
proached those predicted from the Lifshitz—van der Waals/Lewis acid—base in- 
teraction theory calculated from the advancing contact angles. However, the largest 
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W, distribution values, determined with AFM, deviated up to almost 100% from 
the W, values estimated from the wetting characteristics of the SAMs. The results 
along with the analysis of the substrate surface roughness characteristics indicate 
the possibility for multiple contact points of similar character, dependent on tip and 
surface asperity curvatures. If this hypothesis is correct, the resultant adhesion force 
measurements may, therefore, vary by over 100% for the same surface and still rep- 
resent characteristic adhesion properties between the probe and sample surface. A 
study with model rough surfaces is under way and results will justify if indeed the 
roughness is the primary cause for a bimodal variation of the POF values. It may be 
infeasible for AFM studies to provide characteristic surface free energy character- 
izations through adhesion force measurements if geometrical configurations in the 
probe—rough surface interactions are not well defined. 
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Abstract—An atomic force microscope (AFM) was used to investigate Si3N4 tip interactions with 
various materials in four different liquid media (water, ethanol, ethylene glycol, and formamide). 
The adhesion forces calculated using surface energies and the values measured experimentally 
were compared. For all materials, the calculated adhesion force closely correlated with AFM 
measurements, except in water. In the case of water, the AFM experiments showed strong adhesion, 
whereas theoretically (van Oss-Chaudhury-Good model) repulsion is predicted. The difference 
observed is discussed in terms of the chemical interactions between Si3N4 and water. 


Keywords: Adhesion force; AFM; surface energy; electron-acceptor parameter; electron-donor 
parameter. 


1. INTRODUCTION 


High-resolution topographic images of a wide variety of material surfaces can be 
recorded with an atomic force microscope (AFM). These topographic images can 
be made with several modes of operation (contact mode AFM [1], non-contact mode 
AFM [2], and tapping mode AFM [3]). 

An AFM can also be used to measure the forces between a tip attached to 
the cantilever and the surface of a sample in air or in an electrolyte. Previous 
studies have used the AFM to probe the interactions between surfaces in liquids. 
Weisenhorn ef al. measured the adhesion forces between an insulating tip on an 
insulating sample (silicon nitride tip on mica) and a conducting tip on a conducting 
sample (tungsten carbide tip on a gold or platinum foil) in water, ethanol, and 
different concentrations of aqueous KCI solution [4]. Meurk er a/. measured the 
attractive and repulsive interactions between inorganic materials in diiodomethane 
and 1-bromonaphthalene. They compared their measurements with theoretical 
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Lifshitz calculations, taking into account the Hamaker constants for the different 
materials tested [5]. 

The aim of the work reported here was to investigate the adhesion between a 
Si3N,4 probe tip and several flat surfaces in different liquid media. We measured the 
pull-off force between the tip and the sample surface in water, ethanol, ethylene 
glycol, and formamide, by studying the force versus displacement curves. The 
adhesion forces were compared with the van der Waals forces calculated for a sphere 
approaching a flat surface. The Derjaguin-Muller-Toporov (DMT) adhesion 
theory was used to analyse the adhesion forces. 


2. MATERIALS AND METHODS 


The AFM experiments were conducted in four liquid media: water (Chromanorm, 
Prolabo, France), absolute ethanol (Prolabo, France), ethylene glycol (anhydrous, 
Aldrich), and formamide (Prolabo, France), using a Si3Ny, tip (Digital Instruments) 
attached to a V-shaped cantilever against five different flat surfaces. 

The following materials were tested: Si(100), Si(111), silica glass, 3 wm 
thick titanium nitride (TiN), and diamond-like carbon (DLC) films deposited, 
respectively, by physical vapor deposition and plasma-enhanced chemical vapor 
deposition on a steel substrate. The surface roughness of the samples was 
determined using the AFM by scanning over an area of 3 zm’. The mean surface 
roughness (R,) for the five samples is given in Table 1. 

A Nanoscope III (Digital Instruments) including electronic control and software 
was used to record the force versus displacement curves, revealing the interaction 
between the surface of the sample and the tip. The principle of operation for the 
AFM is shown in Fig. 1. Each liquid was introduced between the sample and the 
glass cantilever mount with a micropipette. After each experiment, the sample and 
the glass cantilever mount were rinsed with absolute ethanol and dried in air. A new 
cantilever was used for each experiment. 

The average radius R of the Siz;N,4 tip was 200 nm and the spring constant k 
was 0.3 N/m. This value was determined from the tip dimensions and Young’s 
modulus. The forces were estimated using a split photodiode to measure deflections 


Table 1. 
Mean surface roughness (Ra) for the five samples used 


Sample Roughness 
R, (nm) 

Silica glass 1 

TiN 13 

DLC 12 

Si(111) 0.5 


$i(100) 0.7 
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of the cantilever. Extension—retraction cycles of the piezoelectric crystal in the Z 
direction and the corresponding response of the cantilever were recorded as force 
versus displacement. A low scan rate of 0.3 Hz was used for all cycles. 

Figure 2 shows a force versus displacement curve for Si3N4/Si(100) in water. 
According to Ducker ef al. [6], the surface of the sample is considered to be in 
contact with the tip when the output of the photodiode becomes a linear function of 
the sample displacement. The force is equal to zero when the displacement of the 
surface causes zero deflection of the cantilever. 

For each experiment, the AFM software allows us to measure directly the pull- 
off force between the AFM tip and the sample surface, taking into account the 
cantilever stiffness. As shown in Fig. 2, the separation distance AB is a measure 
of the adhesion force. 

For each specimen, 20 force curves were recorded in different areas on the surface, 
leading to the determination of the average adhesion force. 


Mirror 


Laser source 


Photodiodes aw BD ; 
" ai Glass cantilever mount 


Introduction of the liquid 


ae Electrolyte 


Cantilever 


Tip (SisNa) 


Sample 
XYZ piezoelectric scanner 


Figure 1. Schematic representation of the AFM operating principle. 


Force 
3.8 nN/div 


AB: pull-off force 


Z position (30 nm/div) 


Figure 2. Experimental force versus displacement curve for SizN4/Si(100) in water. Curve (1): 
piezoelectric crystal extension; curve (2): retraction. 
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Table 2. 
Contact angles of different liquids on the materials tested 


Contact angle (9, degrees) in air 


Bromonaphthalene Diiodomethane Water Ethylene glycol Formamide 
Silica glass  38.4+0.5 57.240.8 48.2 + 1.2 39.6 + 1.6 40.4+2.4 
TiN 35.1 42.0 58.6 + 2.4 63.0+ 3.8 52.6 + 3.3 54.143.1 
DLC 29.3 + 3.0 47.3 41.5 63.3 + 2.6 42.8+ 3.8 51.84 1.8 
Si(111) 22.3 2.1 39.3 40.9 38.242.2 21.2+2.1 20.0 + 1.1 
Si(100) 31.34 1.3 49.0 + 1.0 50.3 + 0.6 31.0 + 3.0 35.6 + 1.3 


Si3Nq 26.1 + 2.0 48.121.8 23.0 + 0.5 17.1+3.8 18.6 + 3.0 


According to the Derjaguin—Muller—Toporov (DMT) theory [7], the adhesion 
force measured by an AFM cantilever can be expressed by 


Fig = 27 RW 32. (1) 


where R is the tip radius and Wj39 is the work of adhesion per unit area between the 
Si3N4 tip of the AFM (subscript 2), with the material tested (subscript 1), under a 
liquid (subscript 3). 

Equation (1) is correct for contact between a hard sphere and a flat surface and 
it is applicable for a system with low adhesion and a small tip radius. W 32 can be 
expressed as a function of the works of adhesion Wj2, W\3, W23 and the cohesive 
energy W33 of the liquid: 


W132 = Wi2 + W33 — Wi3 — Wo3. (2) 


In agreement with the van Oss—Chaudhury—Good theory [8, 9], the work of 
adhesion W;; is related to the different components of the surface energy as 


Wij = ae tviyy tr i), (3) 


where y/ is the apolar (Lifshitz—van der Waals) surface energy component, y* is 
the electron-acceptor surface energy parameter, and y~ is the electron-donor surface 
energy parameter. 

The different surface energy components were measured with a video camera 
equipped with a contact angle goniometer. Five liquids were used (bromonaphtha- 
lene, diiodomethane, water, ethylene glycol, and formamide). The surface energy 
components for the Si;N4 tip were determined experimentally with a Si3N4 flat 
substrate. Table 2 shows the experimental values of the contact angles, 6, for each 
material. 

The surface energy components were obtained from the contact angle values 
according to the following expression: 


(Ca +2 viv) (1+ cos6) =2 (rr + 7 yyy + V) "vr ) . (4) 


A study of adhesion forces by atomic force microscopy 303 


Table 3. 

Surface energy components of the materials and the liquid media used for the AFM and 
contact angle experiments. For liquids, the values of the surface energy components were 
taken from Ref. [10]; the other values were derived from the contact angle measurements 


LW 


Materials and liquid y yt y 
(mJ/m?) (mJ/m?) (mJ/m?) 
Silica glass 32.9+0.4 0.40 + 0.30 37.440.5 
TiN 33.2404 0.04 + 0.03 24.840.5 
DLC 37.4+0.4 0.12+40.10 19.7+0.5 
Si(111) 40.8+0.4 0.47 + 0.40 40.0+0.5 
$i(100) 36.5+0.4 0.60 + 0.50 29.04 0.5 
Si3Ngq (tip) 38.0+0.4 0.47 + 0.40 56.5 +0.5 
Bromonaphthalene 44.4 0 0 
Diiodomethane 50.8 0 0 
Water 21.8 255. 25.5 
Ethylene glycol 29 47 1,92 
Formamide 39 39.6 2.28 
Ethanol 18.8 0.019 68 


Table 3 shows the surface energy components deduced from the contact angle 
measurements. These values were obtained by solving the system of equations 
formed with expression (4) for the five liquids tested. 


3. RESULTS AND DISCUSSION 


The results of the AFM experiments were averaged and are reported in Table 4. The 
adhesion force calculated using equation (1) is also reported in Table 4. 

Table 4 shows that the adhesion forces deduced from equation (1) are quite similar 
to those measured experimentally for all the liquids except water. In the case of 
water, the experimental values indicate that strong adhesion takes place, whereas 
theoretically repulsion is predicted. 

It is well known that silicon nitride interacts with water with the following 
reaction: 


Si3N4 + 6 HO — 3 SiOz + 4 NH3. (5) 
SiO, may also react with water to form Si(OH).: 
SiO, + 2 HO —> Si(OH),. (6) 


Reactions (5) and (6) show clearly that in water the chemical nature of the 
tip changes at the surface and, consequently, the surface energy components will 
change [SiOz and Si(OH), instead of Si3N,]. In addition, NH3 formed from reaction 
(5) can alter the water pH and thus the electron donor and acceptor surface energy 
parameters will also change. 


Table 4, 


Adhesion force calculated using equation (1) and measured experimentally between the Si3N4 tip and the samples immersed in water, ethanol, ethylene 


glycol, and formamide 


Specimen Adhesion force calculated with equation (1) (nN) Adhesion force measured by AFM (nN) 
Water Ethanol Ethylene Formamide Water Ethanol Ethylene Formamide 
glycol glycol 

Silica glass —35.045 2.644 0.743 2.343 3844 3.542 1443 1.642 
TiN —25.2+5 19+4 2.0+3 —1.24+3 23+4 342 342 242 
DLC -17.045 2.544 3.943 0.243 15+3 342 2.542 242 
Si(111) —34.545 5.744 1.743 2.743 5345 842 0.8 +2 44+2 
Si(100) —25.045 2.744 2.8+3 —0.443 3044 542 O+1 O+1 


poe 


wnopoyny, ‘f pun jonbove ‘dD 
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The chemical modifications which take place either at the surface of the tip or in 
the liquid medium may explain the strong difference observed, in the case of water, 
between the adhesion forces measured and those deduced from the theory (Table 4). 


4. CONCLUSION 


We have shown that it is possible to measure the adhesion forces between an AFM 
tip and several types of samples in various liquid media. It is possible to correlate 
these adhesion forces with the different surface energy components of liquid media 
and materials obtained from contact angle measurements. 

This correlation is obtained using the van Oss—Chaudhury—Good theory, which 
determines in a given liquid medium the work of adhesion between the tip and the 
material tested, and the Derjaguin—Muller—Toporov theory, which relates the work 
of adhesion to the adhesion force. 

In pure water, due to chemical reactions between the Si3N4 tip and the water, a 
large difference between the calculated and measurement forces was observed. 

The results presented in this preliminary work show that the van Oss—Chaudhury— 
Good model allows us to calculate easily the adhesion forces in liquid media. This 
study is currently continuing in our laboratory with other materials and liquid me- 
dia. 
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Abstract—Atomic force microscopy (AFM) is one of the most flexible and simple techniques for 
probing surface interactions. This article reviews AFM studies on particle adhesion. Special attention 
is paid to the characterization of roughness and its effect on adhesion. This is of importance when 
comparing the measured adhesion forces to theoretical values, as the contact area is included in 
the contact mechanics theories. Even though adhesion models for time-independent adhesion are 
reasonably well developed, it remains difficult to connect the measured values to model predictions, 
especially because of the unknown value of the true contact area. The true area of contact depends on 
both the roughness of the probe as well as of the substrate. Our studies on the interactions between 
smooth silica particles, or rougher toner particles, and silicon substrates as a function of the surface 
roughness of the latter has shown the utility of AFM for measuring both roughness and particle 
adhesion. 


Keywords: Particle adhesion; practical adhesion; particle attachment, roughness; toner; force mi- 
croscopy; AFM. 


1. INTRODUCTION 


Physical interactions between macroscopic bodies or molecules are usually de- 
scribed by interaction energies. Another possibility is to express interactions in 
terms of forces, which can be measured directly, e.g. by sensitive force transduc- 
ers in contact mechanics [1] or by the surface forces apparatus (SFA) [2]. The 
forces considered in this review act between a microparticle and a surface. The 
discussion will be confined to pairwise additive interatomic (intermolecular) forces, 
represented by the so-called Hamaker constant [3]. By adding up these pairwise 
interaction forces of interacting macroscopic bodies for various geometries, such as 
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flat parallel surfaces, spheres, cylinders, or the combinations of these geometries 
[2], the net interaction energies and the corresponding forces can be expressed in a 
closed form, using geometrical parameters such as radius, and separation distance. 
However, the form of the (intermolecular) potential and the number density of the 
interacting molecules (atoms) must be known. 

Atomic force microscopy (AFM) was invented in the 1980s [4] as a technique 
for imaging surface topography from micrometer to nanometer length scales. At 
the same time, AFM allows one to measure forces, precisely and accurately, in 
gaseous and various liquid media, and at controlled temperatures. Thus, AFM is 
an excellent method to characterize surface topography of various surfaces and to 
quantitatively study microparticle adhesion forces for these surfaces. In this paper 
we first review the theoretical and experimental basics of this approach and then 
review selected papers to illustrate the added value of AFM investigations when 
applied to particle adhesion. We complement this review with original results 
obtained in our laboratory for the adhesion of photocopy toner and silica particles 
on silicon substrates. 

AFM experiments are based on measuring the forces between a sharp pyramidal 
tip and the sample surface. The tip is attached to a cantilever spring and can be raster 
scanned over the sample surface using e.g. a piezoelectric scanner. Based on the 
interaction forces the topography can be imaged with an ultimate resolution in the 
sub-nanometer range as a function of lateral tip position. In adhesion measurements, 
the sample is moved by the scanner in the vertical direction (i.e. perpendicular to the 
sample surface) and the deflection (force) of the cantilever spring is monitored as 
a function of the piezoelectric actuator displacement (force—displacement curves). 
The details of the various imaging modes, structure visualization, surface properties 
by AFM, and examples of force~displacement studies have been reviewed in 
the literature [5-9]. We shall focus here on force—displacement studies using 
microparticles attached to AFM cantilever springs to illustrate the use of this 
approach to study particle adhesion. 

As mentioned, force—displacement experiments carried out by an AFM monitor 
the deflection of the cantilever, and thus the force between the tip at the end 
of the cantilever as a function of the displacement of the surface in the sample- 
normal direction is measured [10]. The characteristic points of force—displacement 
curves, such as snap-on and pull-off upon approach and withdrawal, will be 
discussed later. The pull-off forces can be used for measuring adhesion. Various 
approaches have been developed to measure pull-off forces and calculate the work 
of adhesion with an AFM using microparticles, following the first report on AFM 
force—distance measurements using silica particles attached to AFM cantilevers 
in 1991 [11]. The knowledge of adhesion obtained in subsequent studies is very 
useful for numerous products and applications, for example adhesives, binders, 
coatings etc. [12], pharmaceuticals [13, 14], paint, and inks [15]. In particular, 
many industrial processes often deal with particle adhesion, such as in membrane 
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filtration [16], xerography [17, 18], and removal of particles in the semiconductor 
industry [19-22]. 

AFM measures adhesion over small contact areas with typical radii on the order 
of several tens of nanometers at the sample surface [12]. This advantage is 
important because local surface mechanical characteristics, such as hardness, and 
loss and storage moduli, often differ from those in the bulk, hence the AFM yields 
complementary surface-related information. A second advantage is the ability of 
AFM to determine both adhesion and topography, i.e. to observe local nanoscale 
variations in chemical and physical constitution (e.g. roughness) of the surfaces 
involved. Some experimental setups allow one to measure particle adhesion, as 
well as substrate topography, during the same experimental run [23]. 


2. THEORY 
2.1. Different forms of adhesion 


In AFM measurements based on the particle-on-cantilever technique one should 
distinguish between the concepts of ‘fundamental or thermodynamic adhesion’ 
and ‘practical adhesion’ [24]. Fundamental, or thermodynamic, adhesion refers 
to the force based on the thermodynamic work of adhesion between two ‘ideal’, 
smooth surfaces. Practical adhesion, or adherence, incorporates other factors as 
well, including the rate of applied force, viscous energy dissipation, mechanical 
properties of both contacting materials, and also roughness. In this paper we mainly 
focus on practical adhesion and analyze its dependence on surface roughness. 

The aim of microparticle adhesion measurements by an AFM is to determine the 
‘practical’ work of adhesion, Wag,, between the particle and the substrate, and to 
relate this quantity to molecular and material properties of the microparticle and the 
substrate, the so-called ‘fundamental’ work of adhesion, W. The adhesion quantity 
resulting from an AFM experiment is not immediately the value of Wagn, but rather 
the pull-off force, Foun-org (Section 3.1.1). As its value is essentially a measure of 
practical adhesion, we define that the adhesion force Fg, between the microparticle 
and the substrate equals the pull-off force: 


Fad = F putt-off- (1) 


The adhesion force is not related in a simple way to the practical work of adhesion: 
relating the one to the other involves the appropriate choice of one of the two 
following approximations as limiting cases [8]: 


Fadh = 1.52 RWaan. (2) 


for compliant materials with high surface energy, and large microparticles (R in the 
jam range) or 


Figh = 27 RWadh; (3) 
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for stiff materials with low surface energies, and small particles (R in the low nm 
range). 

The first equation is derived from the contact mechanics theory developed in 1971 
by Johnson, Kendall, and Roberts (JKR) [25], and equation (3) is the result of the 
contact mechanics theory by Derjaguin, Miiller, and Toporov (DMT), published 
in 1975 [26]. In these theories no distinction is made between practical adhesion 
W,ah and fundamental adhesion W. The contacting bodies in both JKR and DMT 
theories are in adhesional contact, with interaction energy W, and are considered 
elastic. Viscoelasticity is not taken into account. This limits the applicability of 
Waan derived from (2) or (3) for e.g. polymers. 

The applicability of equation (3) to small particles with low surface energy 
can be illustrated by considering equation (3) as a special case of the ‘Derjaguin 
approximation’. This approximation results in an equation [27] for the van der 
Waals attraction between two hard macroscopic spheres, with radii R, and R> at a 
separation D(D « R, and D « R2). The contacting area is assumed to be locally 
flat and the bodies under consideration interact with a van der Waals potential, 
W(D). The Derjaguin approximation relates the force, F(D), to the interaction 
free energy, W(D): 


F(D) = 27 W(D)R,R2/(Ri + Ro). (4) 


W(D) is defined as the interaction potential between two flat surfaces of the same 
material [8]. Note that (3) has the same form as (4) for Ry — ov, and in this case 
Waah in (3) is equal to the W(D) in (4). 

Let us consider an example for the theoretical values of the interaction forces 
between an AFM-tip, and a silica sphere, as a function of distance from a silicon 
plane. The plane—plane potential is equal to —(A/(12m D?) [2] which results in 
F(D) = —(AR)/(6D7) in the Derjaguin approximation. The Hamaker constant A 
used for silicon nitride/silicon has a value of 2.13 x 107!? J and for silica/silicon 
equals 1.31 x 107! J [28]. The corresponding force—distance relations are shown 
in Fig. 1. 

Maugis showed that equations (2) and (3) could be considered as two extremes, 
so that they could be denoted as the JKR-limit and the DMT-limit, respectively 
[29]. He derived a general contact mechanics expression for the force F between 
an elastic sphere and an elastic flat substrate as a function of the contact area and 
the penetration depth. The value of the parameter A, which determines the choice 
between the DMT and JKR models, is relevant for the present discussion: 


2\ 1/3 
ro 2.06 (RW : (5) 
Z0 mK? 


in which Zo is the equilibrium separation, 0.3 nm [28], and K is defined as: 


1 3 l-v} 1-v 
eet ——~ }, 6 
K if E, ar E> (6) 
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Figure 1. Theoretical force—distance curves for a silicon nitride tip (R = 20 nm) and a silica sphere 
(5 wm) on a plane silicon surface. 


in which E is the Young’s modulus and v the Poisson’s ratio for the two contacting 
materials ‘1’ and ‘2’. 

In (5) we have used W, and not Wagn, since the original literature referred 
explicitly to the thermodynamic work of adhesion. The DMT- and JKR-limits are 
the A > 0 and A — ow limiting cases, respectively. 

Johnson and Greenwood [30] considered another quantity, the so-called reduced 
load Freq = F'/(2 W R), in order to compare forces between spheres having different 
radii, and constructed a map of Freq in terms of A. The AFM measurements 
usually fall in the Maugis region, though the DMT limit is a good approximation 
for 10-2 < A < 107, while the JKR limit can be used for A > 10 [8]. Thus, by 
inserting appropriate estimates for W, K, and R in (5), a choice between (2) and 
(3) can be made. For adhesional interactions between a small, hard, smooth sphere 
(e.g. the apex of an AFM tip) and a hard, smooth, flat (e.g. a clean Si surface of 
several jum? in size) equation (3) should be used. 

In standard AFM only pull-off forces are determined, and there is usually no 
direct way to deduce contact area or indentation depth. This means that one cannot 
benefit from the full Maugis expression (and its special cases: the JKR and the DMT 
theory), to extract (by curve fitting) a more reliable value for W.g, than that obtained 
from the AFM pull-off force only. For the same reason, the improvements of these 
theories [31-34] taking viscoelastic phenomena into account cannot directly be 
applied in AFM data analysis. The first experimental study relating contact area, 
deformation depth and adhesion force for viscoelastic bodies measured the changes 
of the shape of adhered particles using scanning electron microscopy [35]. Recently, 
such contact mechanics relations have been studied experimentally using AFM and 
other techniques for viscoelastic particle-substrate systems [32, 36, 37]. 

Studies by the surface force apparatus [38, 39], nano- and micrometer indentation 
tests [40], and particle deformation experiments [41] have shown that the practical 
adhesion of plastically or viscoelastically deformable macroscopic bodies, or 
particles, to a substrate exceeds the thermodynamic adhesion as measured by pull- 
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off experiments. The value of Wag, as determined from peel, shear tests etc. is 
also often much higher than the thermodynamic work of adhesion [42-44]. In fact 
Waah = Winermo(1+) with ¢ as a dissipation function depending on test parameters 
(e.g. crack propagation, temperature and rate) and bulk parameters (e.g. thickness, 
interdigitation, and viscoelasticity). As far as we know, no systematic studies have 
been published regarding the practical adhesion of plastically or viscoelastically 
deformable particles attached to an AFM cantilever to substrates as a function of 
substrate hardness or roughness. One might anticipate from the evidence presented 
by the aforementioned experimental studies [32, 35-37] using different techniques 
that the pull-off force of such particles from soft surfaces would be at least equal 
to the value calculated from the thermodynamic adhesion. In such cases the 
substrate would ‘engulf’ the particle [41]. The same would hold true for the pull- 
off force of a plastically or viscoelastically deformable particle from a hard, rough, 
surface: the particle could fill the space between the microasperities of the rough 
surface. Such phenomena could explain why in some cases the practical adhesion 
values were found close to the thermodynamic adhesion, for instance in references 
[14, 18, 41, 45]. 

The discrepancy between Wag and numerical results obtained from theoretical 
expressions for the fundamental adhesion W (for the systems and the materials 
studied up to now) is usually so large that it often does not make sense to apply the 
full Maugis, JKR or DMT equations to obtain the best possible values for Wagn. This 
discrepancy can be attributed not only to uncertainties in the choice of the model 
(i.e. equation (2) or (3)), or the applicability of (2) and (3) in view of plastic or 
viscoelastic effects, but also to surface roughness. The effects of surface roughness 
will be considered in more detail in Section 2.3 [38, 46, 47]. 

We conclude this section with a short review of the fundamental work of 
adhesion. According to Cappella and Dietler [8] there are several different 
theoretical expressions for the form of W(D) in the Derjaguin approximation, 
equation (4). Hence, it is possible to interpret the Wag, derived from (2) or (3) 
in terms of one of the theoretical expressions for W reviewed by Cappella and 
Dietler [8] e.g. expressions for the three types of van der Waals interactions, and 
for electrostatic interactions. 

A simple expression often used for the thermodynamic work of adhesion W was 
proposed by Tabor [48]. 


W =v)", (7) 


where y; represents the particle surface free energy, and j, that of the substrate. W 
can be separated into dispersion and acid—base components [49, 50]. Other authors 
split up W in dispersive (d), and polar (p) parts resulting in the adhesion force Fi, 
(51, 52]. 


Fx =27RW =4rR eee undiaie — 4dr ROS eV aan) /2 
2 
+ Veco Vaupataie) }. (8) 
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In several applications e.g. toner particles for xerographic purposes, electrostatic 
forces must also be considered. In these cases surface charges may be created by 
triboelectricity. Hays presented a so-called charge patch model for toner, which 
assumes a highly non-uniform surface charge distribution on irregularly-shaped 
toner caused by triboelectricity [53]. We do not go into detail here, but from 
practical and fundamental points of view one should be aware of this additional 
possible interaction. 


2.2. Roughness 


Various parameters related to roughness are frequently used for describing and 
explaining adhesion of particles to surfaces. The large number of parameters and 
functions available to describe roughness have not been extensively reviewed in 
the adhesion research literature. Hence we will summarize and describe the most 
important and frequently used roughness terminology. Applications and practical 
points of consideration are described in Section 4.1. 

The adhesion theories as described in Section 2.1 do not explicitly take into 
account the roughness of either the probe or the substrate. Roughness can be defined 
as ‘the finer irregularities of the surface texture that usually result from the inherent 
action of the production process or material conditions’ [54]. Such definition of 
roughness suggests that roughness is an unintentionally present aspect of minor 
importance. Roughness, however, can also be ‘added’ and exploited. In some cases 
it can improve the material properties, e.g. by enhancing its coatability, or bonding 
to another surface. 

For roughness on a larger scale, the term waviness is commonly used, but the 
transition to this regime is not sharply defined. Normally, roughness and waviness 
are both present. Which one is the more important depends on the application of 
interest. 

The history of the quantification of roughness and waviness has led to the 
introduction of many different characteristic parameters. The choice for the most 
useful parameter depends on the purpose of the specific model. For microparticle 
adhesion, the scale of waviness is too large, as only finer irregularities will influence 
such adhesion. 

The equations, which will be presented for the roughness parameters in this 
section, are given in discrete representation. These equations can be applied to 3D- 
images (x, y and z(x, y)) only, and are based on two references [54, 55]. Many 
of the parameters discussed are accessible by most commercial AFM software 
packages. 

The roughness average or mean-line-average (R,) is defined as: 


1 M N 
R= ay De DI. (9) 


i=l j=l 
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The roughness average represents the mean of the absolute values of the altitudes 
within a M x N matrix containing height data, z(i, j). 

The root mean square (RMS) roughness (R,) of a surface represents the standard 
deviation of the heights: 


M WN 
— Ved, i). 


j=l 


(10) 


_ 


i= 


Both R, and R, parameters depend on the reference plane as all the heights are 
relative. The extreme properties of a surface can be expressed in terms of the 
following two parameters, R, and R,. The peak-valley height (R,) is defined as the 
height difference with respect to a centerline between the highest, z,, and lowest, 
Zy, pixels in the image, respectively: 


R, = Zp — 2v. (11) 


System errors — such as spikes — have an enormous influence on this roughness 
parameter and therefore the ten point height (R,) was introduced. This value is 
equal to the average height of the five highest local maxima and five lowest local 
minima. 


yeti IZpin)| am yy lZv(ny| 
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In a digitized image a local maximum is defined as a pixel surrounded by eight 
neighbor points which are all lower in height. A local minimum is the lowest point 
of a local 3 x 3 submatrix. 

The asymmetry of the height distribution histogram is expressed by the so-called 
surface skewness (Rx). 


R, = (12) 


1 M WN 
Ryu = WINKS ip). (13) 
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This parameter was introduced to discriminate between different surfaces with the 
same R, and Rg values. A zero value of the surface skewness indicates a symmetric 
height distribution, e.g. a Gaussian-like distribution. 

The surface kurtosis (Ry) is equal to the normalized fourth moment of the height 
distribution. 


N 
SCG (14) 


j=l 


Ria = MNR3 


i= 


a 


For Gaussian height distributions the surface kurtosis approaches 3.0 when the 
number of pixels is increasing. Skewness and kurtosis are introduced as they 
provide more insight in the distribution of height around the height average. 
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Figure 2. Height data of a cross section of SF¢ plasma-etched silicon and the corresponding 
probability density function. The dotted line corresponds to a symmetrical Gaussian distribution. 


The probability function P(z) associated with the surface height (z) is defined as 
the fraction of the surface having height < z, with P(—oo) = 0 and P(co) = 1 and 
is equal to the integral of the probability density function p(&): 


Pee i ple) dé. (15) 


The value of p(&) represents the fraction of the surface with height between & and 
& + d&. A well-known example of a probability density function is the Gaussian 
distribution, which is defined in terms of the mean height yz, and the standard 
deviation of the height values o: 
fon \2 
exp Ss} (16) 
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An illustration of a probability density function obtained from AFM height infor- 
mation is given in Fig. 2. 

The probability and amplitude roughness parameters as defined in equations 
(9)-(16) become comparable if the original data z(i, 7) are lowered by the average 
of the height values R to arrive at a converted height data set z’(i, 7): 


M N 
ee 1 

'Gjpz= ij) -R= pi pag), 17 

ZG, jf) =z, /) z(i, j) wn 2 23 j) (17) 

After this operation, each element in the M x N height matrix in equation (17) will 


have a new value, and the following expressions hold: R = y = O (mean) and 
R, = o (standard deviation). 
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Another set of functions describing a surface profile result from bearing analysis 
[54] which is often used in AFM studies. An imaginary line parallel to the average 
is lowered in steps, starting at e.g. the highest point. The ratio of the cumulative 
intercept lengths compared to the total considered length is called the bearing length 
ratio. In the same way, the analysis can be carried out with a plane instead of a line. 
The determination of the bearing length for every height level results in a bearing 
area curve, also called the Abbott—Firestone curve [54]. The lowering of the line or 
plane can also be performed relative to the mean height. 

The rate of change of the profile height is in mathematical terms equal to the slope 
gradient. The root mean square slope (Ag or Sq) is the RMS-value of the surface 
slope. 


M oN _ . Roe: Ms ar 
Ree 1 3 (eso?) + (eer?) . 
CO Ce erie 8x by 
(18) 
In some cases it could even be useful to define a hybrid roughness parameter based 
on a second-order derivative, i.e. a Hessian instead of a gradient. 

One of the most useful applications of Fourier transformations in the character- 
ization of rough surfaces is called power spectrum or area power spectral density 
(APSD) function. This three-dimensional function is capable of identifying the na- 
ture of periodic features of the measured topography of a quadratic (M = N) image 
with spacing intervals dx = dy. In a discrete form, it is defined as the square of the 
amplitude of the Fourier transform: 


2 
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dx 2 
APSD( fr, fy) = (5) 


(19) 
Information about the characteristic wavelengths, amplitudes and phases can be 
extracted from the power spectra, even though the result of an APSD analysis is 
always an approximation, as the summation is finite. The Fourier-based roughness 
parameters are very useful for the determination of texture orientation and the 
(an)isotropic character of the surface. 

In addition to the concepts and definitions described above, roughness parameters 
based on the contact area concept were also developed, for example, by Brown et 
al. in 1993 [56]. These authors covered rough, digitized surfaces with equilateral 
triangles of a certain dimension (patch size), counting the number of triangles 
needed for this operation. In such case, the slope of the total area as a function of the 
specific patch size is a fractal-like roughness parameter. An area-based roughness 
description provides complementary information to the study of adhesion, which 
strongly depends on contact area. 


Microparticle adhesion studies by AFM 319 
2.3, Adhesion as a function of topography 


Several recent studies have attempted to incorporate roughness into adhesion 
theories. Rabinovich et al. recently considered the adhesion between a smooth 
particle and a rough surface [28, 57]. The authors model roughness as a distribution 
of closely packed hemispheres with equal radius (the asperity radius) r having 
their origin below the average surface, each protruding from this surface to 
a maximum peak height ymax. According to the authors, two experimentally 
accessible roughness parameters, the root-mean-square roughness (equation (10)), 
and the mean peak-to-peak distance 4, determine the asperity radius r as follows: 


2 
r= : 
58 rms 


(20) 


It has been shown experimentally that the force to remove a smooth particle from 
a smooth flat substrate is higher than the force to remove it from a rough surface 
of the same chemical composition [28, 57]. Rabinovich er al. have calculated the 
value of this reduced force using the aforementioned asperity radius r [28, 57]. 
As a refinement, Rabinovich ef al. describe a rough surface with two asperities, 
one with a short wavelength 42 and a small asperity radius r2 superimposed over 
another surface with a long-range roughness A, and a large asperity radius r;. The 
parameters A> and rz could be considered as referring to ‘roughness’ whereas A; and 
r, refer to ‘waviness’. The surface with roughness values on short- and long-length 
scales is characterized by rms; and rms», respectively. The corresponding values 
must be determined, together with A; and 42, from experimental roughness profiles 
and peak-to-peak distances in order to estimate the reduced adhesion force. These 
parameters are schematically shown in Fig. 3. 


Figure 3. Important parameters used in the roughness model proposed by Rabinovich et al. [28, 57] 
for a smooth sphere in close contact with a rough substrate. The origins of the asperities are positioned 
below the respective average surfaces. The parameters Az and r2 indicate ‘roughness’ whereas A; and 
r, refer to ‘waviness’. 
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As mentioned before, the adhesion force predicted by equation (2) or (3) for a 
rough substrate is higher than the anticipated value for smooth surfaces. The first 
term in equation (21), the equation proposed by Rabinovich et al. [28], takes this 
into account by introducing a Derjaguin-like factor (equation (4)) in the original 
JKR equation. This modified JKR-term describes the lowering of the direct contact 
interaction between the sphere with a radius R and the small asperities with radii rp. 
The non-contact interactions between R and the surface close to and around the 
contacting asperities are included in the second term in equation (21) (described as 
a van der Waals interaction): 

3x W Rr (AR/6H3) 
2(r2 + R) 58R rms, 1.82 rms \* 
(: ees ) (1 - SS) 
AI A 
where A and Ho are van der Waals parameters (the Hamaker constant and the 
distance of closest approach, respectively). 

Rabinovich et al. derived values for W, close to the theoretical value for some 
systems by fitting equation (21) to experimental data for Fg, and roughness data 
for model surfaces. The agreement was good, though the authors mention that it 
is difficult to obtain realistic and reliable values for the crucial parameter r2. In 
addition to their ‘surface energy approach’ described by equation (21), the authors 
introduced the universal molecular ‘van der Waals approach’ as well, in order to 
have an expression for Fg, that does not depend on the thermodynamic macroscopic 
parameter W. It differs from equation (21) in the first term, with A/6H@ replacing 
(3/2)a W. In this approach, the model will be independent of an estimation, or 
experimental fit, of the value of W. 

A smooth particle interacting with a rough flat surface was studied earlier by 
Fuller and Tabor [58], using Bowden and Tabor’s characterization of surface 
roughness by means of asperities [59]. Fuller and Tabor modelled the interaction 
between the smooth particle and the rough surface using the simpler case of a 
smooth flat surface in contact with a rough flat surface. As such, their theory can be 
seen as one of the precursors of the more general theory proposed by Rabinovich er 
al. [28, 57]. 

In contrast, Schaefer and coworkers [60, 61] studied the case of a rough particle 
interacting with a smooth flat surface. The absolute values of the measured pull- 
off forces were approximately fifty times smaller than expected from the JKR 
approximation (equation (2)) using the radius R of the particle. Using instead the 
roughness characteristic of the particle, i.e. its mean radius of asperity, the measured 
pull-off forces were only three times smaller than the value calculated from the JKR 
approximation. 

Mizes [62] studied the adhesion of a toner used for xerographic applications by 
measuring forces between the toner particles (attached to the AFM cantilever) and 
various surfaces. Instead of measuring Wagn, the author measured adhesion forces 
and topography in one AFM run, and related the changes in adhesion to changes in 


adh (21) 
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topography. This is an alternative useful approach to study Wag and its comparison 
with a theoretical W. In our model study of the interaction between smooth silica 
particles and silicon substrates as a function of roughness (Section 6) we essentially 
follow Mizes’ approach. 

When the fluctuation in the value of the measured force is plotted as a function of 
the curvature variation of the surface topography of different materials, the slope of 
the least squares fit corresponds to the Derjaguin approximation (dF /F = RiipdC, 
with surface curvature C = 1/Rgurface in which the slope is the radius of the tip) 
[20]. This was observed experimentally for four different materials by Mizes [62]. 
The line through the data points dF'/F (fluctuation in the local adhesion force) and 
dC (fluctuation in the surface curvature) passes through the origin, verifying that 
the adhesion should be uniform on a flat surface. The Derjaguin approximation, 
however, is valid only if no deformation occurs, neither plastic nor elastic. In 
conclusion, both the surface and the particle have to be sufficiently hard and the 
forces must be small to ensure the applicability of this model. 


3. MEASURING PARTICLE ADHESION BY AFM AND OTHER METHODS 
3.1. AFM experimental procedures 


3.1.1. Force—displacement curve. When an AFM is used to study adhesion, the 
force acting on the tip is usually monitored as a function of the relative displacement 
of the substrate. A schematic of a so-called force—displacement curve, capturing the 
main characteristics typically observed, is shown in Fig. 4. 

At the point where the gradient of the intermolecular forces exceeds the spring 
constant, defined as dF'/dz > k [63-65], the spring becomes unstable and the tip 
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Figure 4. AFM force—displacement curve of an AFM silicon nitride tip on a gold substrate. 
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jumps in contact with the surface (snap-on shown by (A) in Fig. 4). The force 
acting on the tip, which deforms the spring, is increasing up to a certain value as 
the piezoelectric actuator continues moving upward. This upward movement is 
followed by the retraction of the sample in the force curve cycle. The tip stays 
in contact until the snap-off occurs when the spring constant exceeds the gradient 
of intermolecular forces between the tip and the sample. The force monitored 
during such an approach and retraction cycle, plotted as a function of the substrate 
position, is called a force—displacement curve. In contrast to force—displacement 
curves, which are usually measured in AFM experiments, force—distance curves 
show the forces as a function of the real separation distance between the tip and the 
sample. Force—displacement curve experiments have been described extensively in 
the literature [8]. We want to recapitulate that the vertical distance A—B indicates 
the ‘load’ and C—D the ‘pull-off force’. Willing et al. suggested using the substrate 
displacement A—D for the adhesion force determination [66]. 

The force acting on the AFM tip bends the cantilever which is usually measured by 
an optical lever technique. A laser light beam is usually used to measure cantilever 
bending. The position of the light beam reflected from the back of the cantilever 
is monitored by four closely spaced photodiodes. The four photodiode signals are 
fed into a differential amplifier and the two resulting signals are proportional to 
the bending in vertical and lateral directions. Subsequently, the vertical deflection 
signal must be related to the cantilever bending, which can be done by pressing the 
tip onto a stiff substrate. Assuming hard-wall contact, the bending of the cantilever 
follows exactly the displacement of the substrate. The degree of bending can now 
be expressed as calibrated length value (e.g. nanometers) and multiplication with 
the cantilever spring constant (assuming Hooke’s Law) results in the corresponding 
force. 

The force—displacement curve shown in Fig. 4 represents an idealized situa- 
tion for a smooth substrate interacting with the tip via short-range forces. De- 
pending on the interactions between the tip and the substrate, more complicated 
force—displacement curves have been reported, for example, with a shoulder or with 
multiple snap-offs. The shoulder upon snap-off was found in force—displacement 
studies of AFM tips on compliant samples, e.g. [67]. Multiple snap-offs in 
force—displacement curves were first described in 1992 by Hoh et al. [68] for a 
silicon nitride tip on glass. Such multiple snap-offs were also observed in other 
systems including supramolecular host—guest interactions [69] and on latex parti- 
cles [70]. If repulsive electrostatic forces are present, the force—displacement curve 
will have an upward curvature, as the distance between the tip and the substrate is 
reduced due to electrostatic repulsion (non-contact). 

For the correct interpretation of a force—displacement curve the possible occur- 
rence of two artifacts should be taken into account. The first one is the response of 
the piezoelectric device, which shows creep and hysteresis effects [71]. The second 
artifact is caused by the non-linear detector response [72]. 
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3.1.2. Force—volume surface scan. Force—displacement experiments provide a 
quantitative measure for practical adhesion forces at a specific (x, y) coordinate 
over a small contact area (tip-sample contact). A so-called force—volume sur- 
face scan consists of a series of force—displacement experiments at given (x, y)- 
grid positions (pixels) on the surface of the substrate. For every chosen (x, y)- 
coordinate one or multiple force—displacement curves are stored. Parallel to this 
force—displacement data acquisition the accessory height profile is captured and 
stored. In force—volume analysis, the measured force values with respect to a ref- 
erence force, obtained from the force—displacement curves, are plotted as a func- 
tion of (x, y). The qualitative and quantitative analyses of the force—displacement 
curves, in combination with the corresponding topographic data, offer the opportu- 
nity to correlate the measured adhesion forces with the surface structure, as will be 
described further in Section 5. 

This AFM method requires long data acquisition times. Moreover, large data 
sets are generated, and consequently the lateral height resolution is limited by 
commercial software. 


3.1.3. Spring constant. As mentioned in Section 3.1.1, the cantilever spring 
constant must be known in order to obtain adhesion force values. A good review 
on spring constant calibration procedures is given by Gibson ef al. [73], hence we 
only briefly recapitulate here the main aspects of spring constant determination. If 
a microparticle is attached to the spring, it does not influence the spring stiffness (as 
long as the induced pre-bending is within the harmonic range), whereas the applied 
adhesive may have an influence if it spreads over the spring surface. Considering 
this, one should determine the spring constant after particle attachment. There are 
several methods to measure spring constants, including: (a) the thermal resonance 
method [74]; (b) via reference cantilevers [75]; (c) relating the cantilever resonance 
frequency to its dimensions and mass [76, 77]; and (d) fastening particles differing 
in mass and measuring the resonance frequency [78]. The last method is destructive 
and has the disadvantage that the amount of adhesive is unknown. However, this 
method cannot be used when the cantilever already contains a particle. The exact 
value of the spring constant is considered to be crucial for many AFM applications 
and new or modified approaches are still being discussed in literature e.g. the 
hydrodynamic drag method [79]. The value of the spring constant is considered 
to be the main source of uncertainty in the values of the measured forces [8, 23]. 


3.2. Attaching microparticles to AFM cantilevers with adhesives 


For microparticle adhesion studies by AFM the particles of interest must be attached 
to the AFM cantilever. Commercial cantilevers can be employed provided that the 
particle is larger than the tip. In other cases expensive tipless cantilevers should be 
used. Cantilevers with optimum spring constants must be chosen depending on the 
actual experiments in order to ensure a high signal-to-noise ratio in the force curves. 
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A reference for a detailed fastening procedure for a microparticle to an AFM 
cantilever is given by Claesson et al. [80]. Essentially, a micromanipulator, or 
an XYZ-translation stage, is used to attach particles to cantilevers. First, a small 
amount of heat-sensitive adhesive is warmed up. The end of a small wire is brought 
into contact with the adhesive by means of the XYZ-translation stage. The amount 
of adhesive is then reduced by bringing the end of the wire repeatedly into contact 
with a dry part of a microscope slide. In a subsequent step the adhesive is transferred 
to the end of a cantilever which is heated up on a hot plate. Finally, a second wire 
covered with particles to be fastened is brought into contact with the cantilever. 
Rolling of the particle in the adhesive should be prevented in this step and the 
cantilever should be removed from the hot plate immediately. These operations 
take place with a suitable optical microscope. A gentle nitrogen stream can be used 
to ensure that the particle is held by the adhesive, and not by e.g. electrostatic forces. 

A different method, which we employed in our laboratory, is described by Raiteri 
et al. [81]. These authors place particles onto a microscope glass cover slip which is 
subsequently fixed in the focus of an optical microscope. The cantilever is brought 
into contact with the adhesive via an XYZ-translation stage. The adhesive is melted 
by passing a current through an aluminum wire, which was sputtered previously 
onto the glass cover slip. The molten adhesive is picked up by the cantilever and 
is smeared out on the glass, for the same reasons as described in the first method. 
Finally, the cantilever with a small amount of adhesive at the end is translated to 
one of the particles on the cover slip (i.e. a single, isolated particle). If the particles 
are heat sensitive, this method cannot be used. In this case, a two-component epoxy 
resin with a short curing time can be employed. 

Depending on the particle and method used, several different adhesives are 
reported in the literature dating back to 1991 [18, 45, 60, 64, 82-84]. The choice 
of the adhesive depends, among other things, on the nature of particle material, the 
experimental medium (liquid or air), the cantilever material, and on the method of 
fastening. 


3.3. Other methods for the determination of adhesion of particles 


The force required to remove adhered particles from a substrate can be measured 
with other techniques, as well. Corresponding methods have been described by 
Mullins et al. [85], by Corn [86], and by van Duijvenbode and Koper [87]. In 
toner studies Mizes et al. have described and applied one of these methods, the 
centrifugal detachment method, in more detail [88]. The authors introduced also the 
electric field detachment method for particles for which electric charges e.g. caused 
by triboelectricity, play a role during transfer in xerographic applications [88]. 

At this point we would like to point out the differences between AFM studies 
on particle adhesion and the aforementioned methods. In the former approach 
the adhesion of one isolated particle to a substrate is studied, whereas the latter 
technique results in average values and distributions of adhesion values for a large 
number of particles. In addition, in the latter approach the particles are free to rotate 
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and find an equilibrium position, whereas they are fixed in AFM particle studies. 
Finally, the application of most of these other methods is limited to micrometer-size 
particles, since for smaller particles (typically < 5 xm) the centrifugal force is not 
high enough to exceed the adhesion forces between the particles and the surface. 


4. MEASURING ROUGHNESS BY AFM AND OTHER METHODS 
4.1, Choice of roughness parameters 


Topography is of importance in many research fields, e.g. mechanical, chemical and 
medical engineering, since it influences adhesion, wetting, mechanical properties, 
catalytic reactivity, etc. In the literature numerous roughness parameters have been 
reported [55]. Basically, these parameters simplify an extensive data set regarding 
height, z, as a function of lateral coordinates (x, y) to a few numbers or height 
distribution functions. This simplifies comparison and further calculations. The 
choice of a specific roughness parameter depends on the phenomenon studied, 
and on the applied model. In this review, we focus on roughness measured by 
AFM. It should be noted that roughness, in general, depends on the sampling 
area, i.e. it is scan-size dependent. In general, it approaches a plateau value 
as a function of increasing scan-size, depending on the nature of the roughness 
and the size of the scanning probe [89-92]. We cannot be conclusive about 
which roughness parameter is suitable for a given phenomenon. However, we 
can summarize the practical meaning of some roughness parameters as follows: 
the power spectral density is a measure of wavelengths of periodic features; the 
statistical roughness parameters such as root-mean-square roughness, skewness and 
kurtosis are measures of the height variation; and the autocovariance is a measure 
of the spatial correlation of heights [90]. 

AFM can not only provide adhesion forces, it also measures the surface topogra- 
phy in three dimensions. Naturally, an AFM as an imaging tool provides the z(x, y) 
height information, which is needed to calculate various roughness parameters. An- 
other possibility is to use the full height data set in contact mechanics simulation 
studies [20] to avoid oversimplification and fully utilize the experimental data avail- 
able. 


4.2. Direct and inverse imaging 


The local topography of a single particle can be analyzed by fixation of the particle 
onto an arbitrary substrate and by imaging using standard AFM procedures with 
a low contact force. Imaging can also be performed in an inverse manner by 
means of a so-called array of tips [93]. For inverse imaging a silicon substrate with 
sharp tips pointing upwards, placed next to each other in the x- and y-directions, 
is usually employed. Such tip arrays are usually used to check tip geometry and 
tip contamination. This non-destructive way can provide topographic information 
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about the particle fastened onto a cantilever. For example, Neto and Craig recently 
showed that the particle dimensions obtained by this method were comparable to 
SEM data [93]. Further examples will be shown in Section 6.4. 


4,3. Other methods for roughness determination 


White-light interferometry uses the reflection and interference of light from a 
surface to produce a topographic surface profile [54, 94-96]. In the so-called phase 
measuring interferometric microscope, light is emitted from a source — through 
filters and stops — to a beam splitter. One part of the light directly goes to a camera, 
while another part is first transmitted to, and reflected by, the surface of interest. By 
moving the sample which is placed on a piezoelectric element in the z-direction 
while measuring the interference of light between these two beams, the topography 
of a surface can be determined with an area ranging from the micrometer to the 
millimeter range. 

Some disadvantages of this technique should be mentioned here. To measure the 
roughness of a material that is poorly reflective, such as carbon-black filled rubber 
with a rough surface, the surface must be treated (e.g. by metal sputtering) to prevent 
complete absorption of the light. Another disadvantage of white light interferometry 
is found in the maximum detectable local slope of the height as a function of the 
(x, y)-position. When this slope of a local peak or valley in the surface profile 
passes a critical value, the light is no longer reflected back to the camera, i.e. certain 
regions will not contribute to the topographic data. 

A so-called stylus profilometer can also be employed to profile a surface and is 
often used in mechanical engineering purposes [97]. It measures the displacement 
of a stylus, which has a radius typically between | and 20 wm, while moving with 
respect to the substrate of interest within several mm? [98]. 


5. REVIEW OF LITERATURE RESULTS ON PARTICLE ADHESION STUDIES 
BY AFM 


During the last decade a considerable number of publications and review articles 
concerning particle adhesion studies by AFM have been published. The invention 
of attaching particles to AFM cantilevers [11] enabled the verification of the contact 
mechanics models [25, 26, 99] also by the use of AFM. 

In 1991 Mizes and coworkers showed that an AFM could be used to map tip- 
surface adhesion as a function of substrate topography and material inhomogenei- 
ties [100]. Both topography and adhesion forces were determined with an AFM 
using cantilevers with an integrated Si3N4 tip having a radius of curvature of 
the order of 10 nm (as determined with scanning electron microscopy (SEM)). 
Spatial correlations between areas differing in topography or material properties and 
adhesion forces were shown. In later work Mizes et al. also applied the technique 
of fastening particles to an AFM cantilever and determined both topography and 
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adhesion simultaneously [23, 84, 88, 101, 102]. The purpose of these studies 
was to gain insight into the effect of particle-surface contact area and the non- 
uniform particle charging on the adhesion of toner particles. Empirical relations 
were found between adhesion and treatment of substrate or toner, variations in 
chemical or physical surface constitution (e.g. roughness), contact number and 
loading force, contact time, and particle shape. For example, the authors found 
qualitative relations between: (i) the degree of modification of the toner surfaces 
using nanoparticles; and (ii) adhesion and xerographic performance. In some cases 
the Derjaguin approximation (Section 2.1, equation (4)) was applied to determine 
the work of adhesion W, and the results were usually not in agreement with what 
was expected theoretically due to roughness and other (e.g. electrostatic tribocharge) 
contributions. 

A new method of scanning, the jump mode, has been recently described by 
Schaefer and Gomez [61]. Instead of saving all force and displacement data, only 
the height and pull-off force values are saved in this approach before moving to the 
next position in an AFM scan. The cantilever is moved to the next position when 
it is at the largest distance from the surface. This method allows ‘force—volume’ 
measurements, as mentioned in Section 3.1.2, without the need of extensive data 
storage, and can be applied for acquiring adhesion maps of surfaces within a short 
period of time. 

Adhesion of highly charged toner particles can be studied by AFM [53, 88]. For 
AFM measurements in electric fields, a cantilever is employed which is not coated 
with a metallic layer (which is usually done to improve reflection of laser light 
in AFM measurements). However, the cantilever still remains slightly conductive 
because of adsorbed water [102]. Whenever measurements without charge were 
aimed at, Ott and Mizes used q@-radiation to remove residual charges [101]. To 
perform AFM measurements in an electric field, the AFM must be modified, i.e. by 
positioning a transparent electrode above the cantilever. An electric field is applied 
between this electrode and the conducting surface used in the experiment [102]. The 
effect of charge on particles has also been studied under moderate vacuum [103]. 
Gady et al. [103] studied the individual contributions of electrostatic and van der 
Waals forces on the interaction between a micrometer-sized polystyrene sphere and 
highly oriented pyrolytic graphite. It was found that for distances smaller than 30 
nm the van der Waals interactions dominated, and for distances larger than 30 nm 
the interactions were controlled by electrostatic forces due to charges trapped on the 
polystyrene sphere. 

A disadvantage of the AFM is that it studies just a single particle at a time, 
while the two detachment techniques, i.e. centrifugal and electric field detachments, 
provide information on a large amount of particles. Even though Mizes et 
al. showed that the strength of the expected electrostatic interaction between 
neighboring particles was limited, further research on the adhesion of larger 
numbers of particles is still essential [88]. Crowding of particles on a surface 
causes different adhesion behavior as recently studied with an AFM by Portigliatti 
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et al. [70]. The authors investigated the interaction between a tip and a single latex 
particle. It was discovered that upon retraction of the tip, viscoelastic and plastic 
energies were dissipated in a volume, which could extend to several neighboring 
particles, if present. If the stress cannot propagate to the neighboring particles, it is 
dissipated by pulling out filaments from the particle, which is indicated by multiple 
snap-offs in the force—displacement curves. 

Another AFM application is the mapping of the chemical composition of a 
surface by high-resolution adhesion measurements [6, 104-108]. In our group 
Schonherr et al. recently investigated the spatial distribution of ionizable functional 
groups in surface treated polymers with chemically modified tips (‘chemical force 
microscopy’) [108]. Silicon nitride tips were coated with Ti and Au in high vacuum 
and functionalized with 11-hydroxyundecanol and used to probe oxyfluorinated 
polypropylene films in solution as a function of pH. The study of the distribution 
of pull-off forces revealed the sub-50 nm variation in chemical composition. In 
addition, the influence of roughness on adhesion of chemically treated polyethylene 
was studied. It was found that roughness introduced by using chromic acid 
treatment reversed the trends in pull-off forces, which was anticipated due to the 
introduction of polar groups at the polymer surface during the treatment [109]. 

Paiva et al. employed an AFM on a polymer blend and tracked both the 
lateral and vertical deflections of the cantilever in order to determine adhesion on 
“pressure sensitive adhesives’ [12]. The material showed areas with different local 
adhesion characteristics. Many commercial AFMs are equipped with a quadrant 
photodetector, which implies that lateral and vertical deflections of the cantilever 
are monitored. These AFMs can generate both AFM and lateral force microscopy 
(LFM) data simultaneously [110]. Paiva et al. in Ref. [12] combined LFM data with 
the force—displacement curves obtained by indentation and found that the higher, 
tackifier-rich, domains exhibited viscoelastic behavior and that the polymer matrix 
showed a viscous response [12]. 

The study by Hariadi et al. presents another application of LFM [111]. These 
authors did not attach a particle to an AFM cantilever, but used the tip of a scanning 
force microscope as a well-characterized single asperity to rub nanometer scale 
single crystal NaCl particles from a soda lime glass substrate under controlled 
atmospheres with known humidity. The strength of the particle-substrate bond 
decreased dramatically when the humidity was raised from low values. They 
interpreted their results in terms of detachment by ‘chemically assisted crack 
growth’ along the NaCl-glass interface. Rolling-friction forces between silica 
microspheres were also measured by combining AFM and optical microscopy. 
The forces were approximately 100 times lower than the corresponding adhesion 
forces [112]. 

Schaefer et al. measured the adhesion between glass, polystyrene, and tin particles 
of 8 4m in diameter with a roughness of 10-20 nm on atomically smooth surfaces 
with an AFM under dry nitrogen gas [60]. The puli-off forces were about 50 
times smaller than the theoretical values calculated with the JKR theory. A water 
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layer on the surfaces cannot be the origin of this difference, because the presence 
of water on a surface would increase adhesion via capillary forces. Oxidation 
of the surfaces or the presence of hydrocarbon contamination does not decrease 
adhesion enough to account for this difference. The roughness of the substrate 
was considered to account for the discrepancy between experimental and theoretical 
values. A quantitative assessment of the role of roughness was performed by using 
an estimated asperity radius in the calculations. After this adjustment, the adhesion 
values were about three times smaller, which were within the experimental error 
as stated by the authors. Thus, particle and substrate roughnesses cause practical 
adhesion values as measured by AFM to be lower than thermodynamic adhesion, 
but humidity and plastic or viscoelastic deformability tend to bring practical and 
fundamental adhesion closer together [18, 113]. 

The adhesion between microparticles (in general) attached onto an AFM can- 
tilever and a liquid interface, e.g. oil/water or air/water, has been theoretically 
studied by Chan et al. [114]. Cooper et al. [115] employed AFM to monitor, in situ, 
variations in adhesional interactions induced by chemical reactions in KNO3 at the 
surfaces of a latex particle to a silicon substrate. In addition, these authors studied 
the role of surface morphology, and roughness in particular, on the adhesion. The 
interaction forces changed by nearly 90% by changes in the roughness of the sili- 
con substrate. Sirghi et al. explained the increased adhesion at the concave parts of 
ridge walls by capillary and interfacial tension forces [116]. In ambient humidity 
conditions these two forces ‘greatly affect’ the tip to substrate adhesion in AFM 
measurements, due to the water meniscus in the tip-substrate region. These authors 
modeled the effect of surface asperities on the curvature of a symmetrical water 
meniscus. For the convex asperities a lower adhesion was found. Thus, asperities 
affect both van der Waals forces and capillary forces. 

A promising approach to deal with the contact of rough surfaces is included 
in simulations as described by Bhushan [117] and for particles on surfaces, in 
particular, by Mizes et al. [84] and recently by Cooper ef al. [20]. Cooper et 
al. extended the van der Waals approach by Rabinovich et al. [57] (discussed in 
Section 2.3) for modeling adhesion on rough surfaces [20]. Random surfaces were 
generated based upon parameters relevant in AFM studies including a common 
asperity shape for the surface with a given average asperity size, the variance in 
asperity size and the fractional coverage of the surface by asperities. The surfaces 
were brought together until a single contact point was reached. The asperities on 
the softer surface were compressed if an external load was present, until equilibrium 
was reached. With this model it was possible to calculate the average adhesion force 
and the adhesion force distribution for rough surfaces. The authors calculated the 
pull-off forces for polystyrene spheres on both rough and smooth silicon surfaces 
in water. These theoretical values were in good agreement with the range of 
experimental data [20]. 
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6. A MODEL STUDY OF TONER AND SILICA PARTICLES ON SILICON 
SUBSTRATES 


6.1. Introduction 


In this section a typical case study, carried out in our laboratory, is presented to 
illustrate particle—surface adhesion. The dependence of microparticle adhesion on 
roughness was studied on a series of surfaces with increasing roughness. Silicon 
surfaces covered with a native oxide layer were chosen as model substrates, since 
the material is stiff and easy to roughen by etching. All AFM experiments were 
carried out using a NanoScope III system (Digital Instruments, Santa Barbara, CA, 
USA), equipped with a custom-made data acquisition and control unit, as described 
elsewhere [18]. A 1 x 1 xm? (x, y)-calibration grid (Digital Instruments) was used 
as a substrate for the adhesion mapping. A silicon grating (TGTO1, manufactured 
by NI-MDT Russia) was used to image particles. This array consists of reversed 
tips of 0.7 wm height and the tip—tip spacing is about 2 wm. 


6.2. Preparation of silicon model surfaces 


Oxygen plasma cleaned silicon samples were roughened by a controlled SF¢ plasma 
treatment. The roughness of the samples (denoted as SF¢s0...SFss10, in the text 
abbreviated as sO. ..s10) was measured by AFM (Table 1). 

The surface treatment did not alter the surface chemistry significantly. X-ray pho- 
toelectron spectroscopy (XPS) showed that the atom% distribution was unchanged 
for the different samples. In order to reduce the hydrophilic character of oxidized 
silicon [118] and to exclude the possible influence of lateral chemical heterogene- 
ity, silane surface modification was performed on the roughened substrates [119]. 


Table 1. 

Total etching time and roughness data on the SF¢ plasma etched silicon samples (10 x 10 zm? scan 
size). In the text the samples are denoted as s1...s10. Since the etching was performed in steps and 
the individual periods in the plasma chamber influence the roughness, the individual etching times are 
reported as well 


Sample Etching Cumulative time (s) Rg (nm) R, (nm) 
time (s) 
SF6s0 0 0 0.10 1.0 
SFest 45 45 1.16 9.8 
SF6s2 45 + 75 120 1.44 11.5 
SF6s3 45 +75 +60 180 1.54 21.5 
SF6s4 45 +75 + 60+ 75 255 2.77 38.7 
SFes5 45 + 75 + 60+75 +60 315 5.39 59.8 
SF¢s6 45 +75 + 60+ 75 + 60+ 75 390 12.00 119.3 
SF6s7 45 +75 + 90 210 3.14 37.1 
SF6s8 45 +75 +904 105 315 10.53 89.9 
SF6s9 45+75+90+ 105+ 90 405 15.56 127.4 


SF»s10 45 +75 +90 + 105 +90 + 105 510 17.27 159.4 
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The silicon surface was cleaned using a ‘piranha’ solution (a 2:1 mixture of 97% 
sulfuric acid and 30% hydrogen peroxide) for 10 min. (Caution: piranha reacts 
violently with organic compounds and should not be stored in closed containers.) 
Octadecyltrichlorosilane was used to form a monolayer on the surface according to 
the literature [120]. 


6.3. Adhesion measurement with an SizN4 AFM tip 


An ordinary Siz3N, AFM tip can be seen as a small particle with a radius value 
equal to the tip radius, as the apex of the pyramidal tip can be approximated by a 
spherical shape. The influence of roughness and heterogeneity of the substrate on 
the adhesion of this ‘particle’ was studied by AFM (force—volume measurements). 


6.3.1. Topography and adhesion by AFM force—volume experiments. Using 
a commercial Si3N4 contact mode AFM tip, force-volume measurements were 
performed on three different samples. These samples included a 1 x 1 xm? (x, y)- 
calibration grid, the sample s10b (etched silicon surface) and the sample s10a (silane 
treated silicon), respectively. The data were used as input for a custom-made Matlab 
program. The flow diagram of this program is shown in Fig. 5. 

In the program, the height matrix is first filtered using a Gaussian filter and then 
used to determine the local second derivative in the x- and y-directions based on 
eight neighboring points (Fig. 6). 

The derivative of point /;,; is equal to the value of point hj;,; minus point 4j;— ; 
for the x-direction and is equal to the value of point h,, ;,; minus point h;, ;_; for the 
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Figure 5. Flow diagram of the custom-made Matlab program to calculate the first and second 
derivatives of height profiles. 
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hij +2 


Figure 6. The eight points used for the determination of the second derivatives in the x and y 
directions. 


y-direction. Here it is not necessary to divide by two times the step-size in the x- and 
y-directions, respectively, since these are both constant and only influence correla- 
tions by a fixed factor. The first derivative is constructed from its four and the second 
derivative from its eight neighboring points. The pull-off force was now compared 
with the roughness, represented by the second partial derivative of the local height 
matrix with respect to x and y, respectively (47/dx? + 47/dy7). Every individual 
value (i, j) in the pull-off force matrix was plotted as a function of its respective 
value in the second derivative of the height matrix. The results are shown in Fig. 7. 


6.3.2. Discussion. For the hydrophobized sample s10a, a correlation between 
the second derivative and the tip adhesion was found. If the second derivative of 
the local height increases from the negative (peaks) to the positive (valleys) regime, 
the adhesion increases. The other two samples, i.e. the calibration grid and sample 
s10b, do not show such a correlation. These observations could be explained by 
the heterogeneous character of these surfaces. Locally, the adhesion of the tip is 
influenced by both the roughness and the chemical nature, but in the case of sample 
s10a the latter is uniform all over the surface, as it is functionalized. All three 
surfaces show a relatively large percentage of flat regimes, as the density of the 
points with a second derivative equal to zero is high. 


6.4. Toner and silica particles 


The influence of roughness on the adhesion of microparticles was investigated 
by AFM, using the above mentioned silicon surfaces as substrates with different 
surface roughnesses. Two different kinds of particles were selected for this study. 
First, toner particles were studied. These particles consist of a polyester matrix filled 
with magnetic iron-containing particles. Second, silica particles were investigated 
because of their smooth surface. Commercial contact mode cantilevers were altered 
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Figure 7. Relationships between adhesion (y-axis) and the second derivative (x-axis) for the grid 
(top), sample s10b (middle) and sample s10a (bottom). 
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by fastening toner particles next to the pyramidal tip at the end of the cantilevers, 
according to the method described in Section 3.2. Since the silica particles were 
as small or smaller than the tip-height (~3 jm), tipless cantilevers were used. A 
scanning electron micrograph of a toner particle attached to an AFM contact mode 
cantilever is shown in Fig. 8. 

First, the roughness of the particles was determined. In Fig. 9a and b the local 
topographies of a smooth silica particle and a rough F10 toner particle are shown, 
respectively, as obtained from direct imaging by AFM in the contact mode. The 
top parts of the images exhibit the actual particle topography, and the bottom parts 
correspond to surfaces after removing the sphere curvature. 

The values of the radii of the toner and silica particles were 7.8 and 2.5 um, 
respectively, as determined from the analysis of the topographic data obtained from 
AFM. In order to determine the roughness parameters, first the curvature of the 
sphere must be excluded. The simplest way to perform this specific operation is by 
using the two-dimensional second-order flattening procedure, which is available in 
the commercial AFM software used (Digital Instruments, Santa Barbara, CA, USA). 
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Figure 8. Scanning electron micrograph of a toner particle fastened onto an AFM contact mode 
cantilever. 


Table 2. 
Rg and R, roughness parameters of a silica and a toner particle 


Particle Particle radius (42m) Scan size (nm) Rg (nm) R; (mm) 


Toner 78 2500 47 50 
Silica 2.5 350 0.18 2.3 
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This procedure calculates a polynomial least-squares fit in the x- and y-directions. 
After performing this operation, the curved backgrounds of the images change to 
flat surfaces (see Fig. 9). The R, and R; roughness parameters were calculated and 
are reported in Table 2. 

In Fig. 10 silica particles are depicted as measured with an array of sharp tips as 
a substrate. The data obtained from this image can be used as an alternative way 


Figure 9. Topographic data obtained by contact-mode AFM at low contact force of (a) silica particle 
before (z-scale 12 nm/division) and after (z-scale 2 nm/division) a second order flattening procedure 
and (b) toner particle before (z-scale 180 nm/division) and after (z-scale 80 nm/division) a second 
order flattening procedure. The micrographs at the top and bottom are obtained before and after the 
second order flattening, respectively. 
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(b) 


Figure 9, (Continued). 


of determining the dimension and the surface roughness of a particle attached to an 
AFM cantilever. 

As will be shown in the next section, the adhesion decreases with increasing 
surface roughness, due to the effects of a less ‘intimate’ contact. The height profiles 
of the toner and silica particles, as well as of a SF, plasma treated silicon are 
depicted in Fig. 11 in order to visualize the topography of the contacting surfaces. 
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Figure 10. Local topography of a silica particle, which was fastened onto an AFM cantilever, as 
obtained by ‘reverse imaging’ on an array of tips (z-scale 200 nm/division). 


6.5. Adhesion of toner and silica microparticles 


Modified cantilevers were used to acquire force curves on the various silicon sur- 
faces, as described earlier. More than one thousand force curves were accumulated 
per sample at ambient conditions. During the measurements the load was kept small 
and constant. The large number of force curves was processed by a computer pro- 
gram [18] in order to determine the average pull-off force. In Fig. 12 the average 
pull-off forces for a toner and a silica particle are plotted as a function of the R, 
roughness of the silicon surfaces. The adhesion forces in these systems are increased 
at humidity values higher than typical ambient conditions (40% in our laboratory), 
as is described and discussed elsewhere [18]. 

From Table 2 it can be derived that the silica particle is smoother (Ry = 0.18) 
compared to the rough silicon substrates (Table 1). Thus, the theoretical adhesion 
force proposed by Rabinovich er al., described in Section 2.3, can in principle 
be calculated. We will show this for sample s5b. As mentioned in Section 4.1, 
roughness, in general, depends on the sampling area. The roughness of sample 
s5b has been determined as a function of AFM scan-size. The R, roughness, 
rms» (see equation (21)), had a value of approximately 0.5 nm at the scan-size of 
250 x 250 nm?, which approximately corresponds to the contact area between the 
particle and the silicon substrate. From Fig. llc we estimated that A. ~ 300 nm, 
which results, according to equation (20), in an asperity radius of the substrate 
r2 ~*~ 3.1 wm. Roughness over larger scales was ignored, i.e. rms; — O and 
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Figure 11. Cross-sections of the height images of AFM contact mode scans on (a) silica particle, (b) 
toner particle, and (c) plasma treated silicon. 


A, — co. The values taken in the van der Waals approach of Rabinovich ef al. 
for silica/silicon (A = 1.31 x 107! J and Hy = 0.3 nm) combined with the 
particle radius R = 2.5 ym and the roughness parameter 72 ~ 3.1 um result 
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Figure 12. Adhesion (pull-off) force of (a) a silica and (b) a toner particle as a function of silicon 
substrate roughness. 


in Fig, * 370 nN. This is in reasonable agreement with the value measured in 
the AFM pull-off experiments, which showed a pull-off force for sample s5b of 
approximately 250 nN. In the case of a smooth substrate (rms2 —> 0, and r; — oo), 
the calculated pull-off force would be 560 nN, whereas the experimental value is 
360 nN (see Fig. 12). 

Both graphs in Fig. 12 show a maximum in adhesion force at the point where 
the substrate roughness is approximately equal to the roughness of the particle, i.e. 
at the place where the two roughnesses match. For toner, the adhesion is low for 
both flat and relatively rough surfaces, as the effective contact area is small in both 
cases. The adhesion reaches a maximum at a R, roughness of about 3 nm, where 
the dimensions of the asperities of particle and substrate are approximately equal. 
The smooth silica particles demonstrate a monotonically decreasing adhesion force 
as a function of substrate roughness. The largest (maximum) adhesion was found 
for the silica particle in contact with the flattest silicon surface (i.e. Ry ~ O nm), 
where the contact area is highest. 


7, CONCLUSIONS 


Micrometer-sized particles can be attached to AFM cantilevers and by means of 
force—displacement experiments with such a modified cantilever the force required 
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to remove a single particle from a substrate can be directly measured. Other particle 
detachment methods result in adhesion force distributions as determined by the 
removal of a large number of particles. In addition, AFM force—displacement 
experiments can be carried out over the entire surface of a substrate resulting in 
adhesion maps, which can be correlated to surface chemistry and topography. 

Practical adhesion cannot be predicted from the value of theoretical adhesion in 
a simple way. Many interrelated effects play a role in particle to surface adhesion, 
in particular roughness of both the particle and the substrate, viscoelastic or plastic 
properties of the particle as well as the substrate, triboelectric charges on particle 
and surface, and environmental effects including temperature and relative humidity. 

Unambiguous experimental results, free from artifacts, could and should be 
obtained from systematic studies regarding the practical adhesion of plastically 
or viscoelastically deformable particles, preferably attached to an AFM cantilever, 
on polymeric substrates as a function of substrate hardness or roughness, or the 
combination of both. 

Atomic force microscopy is a flexible and simple surface force measurement 
technique for probing surface interactions. In addition to information regarding 
adhesion, AFM yields roughness data, or more generally, surface topography, if 
used as imaging tool. The latter is of importance when measured adhesion data are 
compared with theoretical values, as the contact area is included explicitly in the 
contact mechanics theories. The true area of contact, however, depends on both the 
roughness of the particle as well as of the substrate. 

The discrepancies encountered during the past ten years between experimental 
and theoretical work of adhesion by AFM can be anticipated to be resolved. This 
anticipation is based on promising theories which are currently being developed 
to account for surface roughness (of both the substrate and the particle) as well 
as for plastic and viscoelastic effects, either as separate phenomena [39, 40], or in 
combination [31, 121]. At present, it remains difficult to exactly relate the measured 
values to the model predictions, especially because of the unknown true contact area 
resulting from surface roughness. 
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A distribution of AFM pull-off forces for glass 
microspheres on a symmetrically structured rough surface 
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Abstract—The adhesional contact between a particle and a substrate is a fundamental parameter for 
analyzing pull-off force data generated by atomic force microscopy (AFM). Roughness, present at 
some scale for all real materials, complicates this task by introducing asperity-controlled contact. 
Roughness also causes pull-off force data scatter, a well-known phenomenon that is usually neglected 
in analysis of the AFM pull-off results. This paper presents the first systematic study of roughness 
effect on the pull-off force magnitude and its distribution characteristics. The results indicate that the 
scatter in the data decreases with increasing diameter of the probe as compared to the dimension of 
surface irregularities, but the magnitude of the pull-off force is more severely altered by roughness. 
The results also show that when particle size is at the same scale as surface roughness, multiple contact 
points may be made yielding increased adhesion. 


Keywords: Adhesion; atomic force microscopy; pull-off forces; roughness; structured surfaces; 
surface free energy; surface tension; work of adhesion. 


1. INTRODUCTION 


The adhesional contact area between a particle (probe) and a substrate is a 
fundamental parameter for analyzing AFM (atomic force microscopy) pull-off force 
data in terms of the work of adhesion, or solid surface energy [1]. This is done 
conveniently by using an appropriate contact mechanics model such as the JKR [2], 
DMT [3], or MD [4] model. However, these models were developed by assuming a 
spherical particle in contact with a smooth surface, two ideal geometries. In the real 
world, particles are not perfect spheres and surfaces of both particles and substrates 
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are almost always rough at either a micro- or nano-scale or both. Surface roughness 
can significantly alter the true contact area between the probe and the substrate from 
that predicted by contact mechanics models, making analysis of the measured pull- 
off forces very difficult. 

Roughness often yields irreproducible probe-substrate contact areas when sam- 
pling different locations on the substrate, resulting in scattered data from which 
representative information is difficult to obtain [5-8]. The effect of submicroscopic 
roughness on measured pull-off forces needs to be understood and controlled in 
order to adopt the AFM technique for characterization of engineered materials. Al- 
though the literature reports often speculate that the roughness plays an important 
role in irreproducibility of and scatter in reported pull-off forces obtained from an 
experiment, systematic experimental studies on the effect of surface roughness on 
AFM pull-off forces are lacking. 

The pull-off force value of a particle at different regions on a substrate will change 
as a result of substrate surface roughness and variation in particle-substrate contact 
area [5, 9]. In extreme scenarios, when the particle is in contact with the top of 
asperity the pull-off force is much lower than when particle touches the sides of the 
asperities or entirely penetrates an inter-asperity valley. Recent experimental results 
on pull-off forces for sharp tips (30-50 nm radius of curvature) on substrates of 
granular morphology provide experimental support for this hypothesis [10]. 

A variation in the pull-off force (F) for a rigid particle on a rough and rigid 
substrate can be predicted theoretically using the Derjaguin approximation [9]: 


1 
F = 27 {| ——— |Wa, 1 
(asa) 7 _ 


where Cp = 1/Rp and Cs = 1/Rs are the radii of curvature of the particle and 
substrate irregularities (asperities and grooves), respectively; Rp and Rs are the radii 
of the particle and substrate irregularities, respectively; and Wa is the interaction 
energy per unit area of two flat surfaces, or simply the work of adhesion. As Cs 
changes for surfaces of random roughness characteristics, the pull-off force changes 
as predicted by equation (1). 

The concept of predicting adhesion from roughness considerations was analyzed 
by Cooper et al. [11, 12]. In their first contribution [11], a model for contact analysis 
between a rough deformable particle and a smooth substrate was derived. The model 
predicts the effects of varying surface asperity size and asperities distribution on 
measured pull-off force. In the second paper [12], a computer simulation was used 
to predict adhesion of arbitrarily shaped particles on rough surfaces. The simulation 
predicted a range of values to account for topographical irregularities, mechanical 
behavior and environmental effects, rather than a single, representative value. The 
computer simulation was tested for a latex particle on a smooth silicon wafer in 
water, for an alumina particle on a silicon wafer as well as on a rougher copper 
surface. Collected data fell within the predicted range, thus validating this approach 
to predicting particle adhesion. 
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Figure 1. Model geometry for the Rabinovich model. 


Also recently, Rabinovich er al. [13, 14] suggested that by measuring the root 
mean square (RMS) roughness parameters along with asperity sizes and distribution 
for both the probe and substrate, one could predict the adhesional contact and 
ultimately account for lower adhesion forces than what is expected from ideal 
geometries. The Rabinovich model states: 


F 58RRMS> 
Wa = (= — B) ———,, 2 
ms G ) em @) 
where: 
A 1 
B= (3) 
625 58RRMS, 1.82RMS> 
Mt 20 
and: 


32 f y2ni dr 
RMS = ,/ ape (4) 


c is a constant JKR c = 1.5, DMT c = 2); kp is the surface packing density for 
close-packed spheres (kp, = 0.907); A is the Hamaker constant; Zo is the distance of 
closest approach between the two surfaces. All other variables, as well as the model 
geometry, are illustrated in Fig. 1. 

In this paper, we present experimental results of pull-off forces measured for rigid 
microprobes on silicon-based surfaces structured at a micro-scale. For comparison, 
the pull-off forces were also measured between the same microprobes and ‘smooth’ 
silicon surfaces having RMS roughness 0.3 and 1 nm. Glass beads with diameters 
5 xm, 10 ~m and 40 4m were attached to AFM cantilevers and used as microprobes 
in our experiments. The substrate was composed of a regular array of triangular 
ridges with an approximate spacing of 3 wm and ridge peak radii <10 nm. 
This is the first attempt to measure the pull-off forces on symmetrically rough 
structures. The results show that increasing the ratio of the probe diameter to the 
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size of roughness features reduces the scatter in the measured pull-off forces. The 
measurements of pull-off forces performed with the array of microscopic ridges also 
demonstrate that the value of adhesion depends on the position of the probe over 
the location of ridges. In accordance with what was often speculated in the past, 
smallest pull-off force is noted when the probe is located on the top of individual 
ridges and the maximum pull-off force is recorded when the probe is in contact with 
two ridges. 


2. EXPERIMENTAL 
2.1. AFM probes 


Four AFM probes with attached glass beads were used in this study. A 5 zm glass 
sphere attached to a tipless cantilever with nominal spring constant k = 17.0 N/m 
was purchased from Thermomicroscopes (Sunnyvale, CA, USA). One 40 wm and 
two 10 zm glass spheres were glued to tipless triangular silicon nitride cantilevers 
with nominal spring constants of 0.58 N/m (Digital Instruments, Santa Barbara, 
CA, USA). Gluing was performed using Epon 1001F thermoplastic resin (Shell, 
Houston, TX, USA) and a micromanipulator. Special care was taken to assure that 
the surface contacting area of the particle was not contaminated with the glue. 

AFM probes were cleaned prior to testing by immersing into a 10 vol% Micro 90 
cleaning solution (International Products, Burlington, NJ, USA) for approx. 20 min. 
The probes were then removed and rinsed for approx. 60 s with deionized water and 
allowed to air-dry in a covered Petri dish. Neither UV cleaning nor organic solvents 
were used to clean glass bead probes in order to avoid any possibility of degradation 
of the glue attaching the glass beads to the AFM cantilever. 

Silanization was performed on the 5 zm probe after the wet cleaning. In this case, 
the probe was additionally cleaned by placing it for approximately 5 min in a UV 
cleaner (Bioforce Labs, Ames, IA, USA). The probe was then placed on a crucible 
platform with 1-2 drops of chlorotrimethylsilane (99+%) obtained from Aldrich 
(Milwaukee, WI, USA) and covered with a beaker. The chlorotrimethylsilane 
immediately evaporated, and the probe was left in the silane vapor-filled chamber 
for 10 min. 

The probes were scanned over a TGTO1 grating (NT-MDT, Moscow, Russia) to 
obtain probe surface roughness information. Scan sizes of 10 um x 10 wm were 
used for this purpose. 

Scanning electron microscopy (SEM) images of the probes were obtained with 
a JEOL JSM-6400 Scanning Electron Microscope operated with an accelerating 
voltage of 20 kV. 


2.2. Model rough surface 


Silicon wafer pieces were cut from a single wafer (Polishing Corporation of 
America, Santa Clara, CA, USA) and used as a model smooth surface. The 
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model rough, or ‘microrough’ substrate was a TGG calibration grating (NT-MDT). 
The TGG grating contains a regular array of triangular ridges with a spacing of 
3.0 + 0.3 um and ridge peak radii of <10 nm. Additionally, the TGG substrate 
contains flat areas outside the grid areas, which were also used in pull-off force 
measurements. TappingMode images at scan sizes of 5 x 5 wm and 50 x 50 wm 
were taken to verify the pitch spacings. A 1 x 1 ~m AFM image was also analyzed 
to gain insight into the roughness properties of the grating features themselves. A 
5 x 5 «xm AFM image was also obtained from the flat area outside of the grid area 
on the TGG substrate to characterize roughness parameters. 

The TGG grating was cleaned prior to testing by ultrasonicating in the 10 vol% 
Micro 90 cleaning solution for approx. 20 min. The samples were next rinsed for 
approx. 60 s in deionized water. The samples were then placed in a covered Petri 
dish and inserted in an oven at 105°C for 10-15 min. 


2.3. Adhesion force measurements 


All force measurements were performed using a Dimension 3000 AFM (Digital 
Instruments). A scan rate of 0.5 Hz was used for all pull-off force measurements. 
Force measurements were performed in air with relative humidity levels ranging 
from <5 to 26.5%. It was confirmed before that such humidity did not lead to 
capillary condensation between the probe and the substrate during the conditions of 
pull-off force measurements used in this study. A ZeroStat 3 Anti-Static Instrument 
(Aldrich) was applied to surfaces before measurements to eliminate any static 
charge buildup on the silicon substrates. 

For measurements on the TGG flat areas, or smooth substrate, 4-10 spots were 
chosen randomly, with 10-20 measurements made at each spot. Measurements on 
the grid areas of the TGG substrate were performed in two ways. First, 10-20 
random spots were tested with 10-20 measurements made at each spot. Second, for 
the 10 wm beads only, from 6 to 55 spots were tested with 10-20 measurements 
made at each spot. Here, the spots were successively offset from each other in a 
direction perpendicular to the ridge peaks by 50 to 400 nm. 


3. RESULTS AND DISCUSSION 
3.1, Surface characterization 


3.1.1. TGG grating. A5 x5 um topographical AFM image along with a cross- 
sectional profile of the TGG grating is shown in Fig. 2. Figure 2 shows that the 
sidewalls of the features appear smooth at this scale. The peak-to-peak distance 
was measured from the cross-sectional profile of a 50 ~m AFM scan shown in 
Fig. 3. From Fig. 3, the distance spanning 15 ridge peaks was measured to be 
45.9 4m, which gives an average peak-to-peak distance of 3.06 wm, within the 
manufacturer’s quoted value of 3.0 + 0.3 wm. Also the RMS roughness parameter 
was determined for the image presented in Fig. 3 and found to be 577 nm. 
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Figure 2. 5 x 5 ~m AFM tapping mode image of TGG substrate grid (left) and its cross-sectional 
profile (right). 
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Figure 3. 50 x 50 wm AFM tapping mode image of TGG substrate grid (left) and its cross-sectional 
profile (right). 


A 1 x 1 wm AFM scan was taken over a single ridge peak to gain insight into 
the roughness characteristics of the peaks and the sidewalls of the TGG grid. This 
images are shown in Fig. 4A and 4B. To better characterize irregularities of the 
asperity and perceive the scale of this roughness, a cross-sectional profile, parallel 
to the peak, cutting through the irregularities is also shown in Fig. 4C. It was found 
that the height of nano-scaled irregularities varied from less than 10 nm to about 50 
nm. Approximately 20-30% of the total length of the cross section deviated from 
an expected straight line. It was found that the ridge itself contained a significant 
number of irregularities with protruding heights up to 5 nm. These elevations on the 
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Figure 4. (A) 1 x 1 4m AFM tapping mode image of a single ridge of the TGG grid. (B) 3-Di- 
mensional view of the ridge. (C) 1 zm cross-sectional profile of the ridge taken along the ridge side 
wall. 


sidewall or top of asperity, if contacted by the glass sphere probes during pull-off 
force measurements, could significantly alter the probe-substrate contact area. 


3.1.2. Flat area of the TGG grating. An AFM image of the flat part of the TGG 
grating is shown in Fig. 5. The surface shows the grainy texture indicative of a 
lower grade finish for silicon wafers. The RMS roughness value from this 5 x 5 wm 
scan was 1.015 nm. An analysis was performed for the surface shown in Fig. 5 in 
order to determine the radii of the surface asperities from cross-sectional profiles. 
The peak-to-peak distance was also analyzed from the cross sections. An example 
of one of these cross sections is shown in Fig. 5. 

53 asperities were analyzed, yielding surface asperity radius (rasp) varying from 
about 55 to 200 nm with an average value and standard deviation of 122 + 52 nm. 
The peak-to-peak distance between asperities varied from 35 to 127 nm with an 
average value of 64 + 21 nm. 


3.1.3. Silicon wafer. mages of the ‘smooth’ silicon substrate were also captured 
at scan sizes of 2 x 2 4m and 5 x 5 ym. A representative topographical image is 
shown in Fig. 6, along with a cross-sectional profile. 
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Figure 5. 5 x 5 4m AFM tapping mode image (left) and cross-sectional profile (right) of the flat 
TGG substrate outside grating. 
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Figure 6. 500 x 500 nm tapping mode AFM image of smooth silicon wafer (left) and its cross- 
sectional profile (right). 


This silicon wafer does show a smoother surface than the flat area of the TGG 
grating discussed in the previous paragraph. The RMS roughness value was found 
to be a fraction of a nanometer, RMS = 0.305 nm. Surface asperity radius (Tgsp) was 
found to vary from 48 to >400 nm with an average value and standard deviation of 
142+84 nm. The peak-to-peak distance between asperities ranged from 20 to 42 nm 
with an average value of 31 + 5 nm. 


3.2. Probe characterization 


Figure 7 shows SEM images of the 10 um probe before cleaning and after cleaning. 
The glass probes required cleaning before their use in pull-off force measurements. 
Similar contamination of probes as shown in Fig. 7 was also observed for a number 
of other probes in their ‘as-received’ condition (not reported here). 

The recorded SEM images also suggested that the glass probes were not inher- 
ently smooth and nano-scale imperfections in the probe surface topography were 


Pull-off forces on structured surfaces 353 


Figure 8. AFM image (left) of the 10 44m probe and its cross-sectional profile (right). 


observed. Due to limited resolution of the SEM micrographs, an AFM image of the 
probe after its cleaning was recorded to confirm the nanoroughness of the probe, and 
this image is shown in Fig. 8. A number of tests performed on other glass probes 
(not shown) confirmed that the nano-scale surface roughness was a common feature 
of the borosilicate glass microspheres used in our laboratory. 

Figure 8 reveals surface roughness on the bead surface, concurrent with obser- 
vations made from the SEM images. The asperities on 10 wm probe are regular 
in shape and almost symmetrical, indicating the roughness is inherent to the probe 
surface. The cross-section of the glass probe in Fig. 8 showed that surface asper- 
ities protruded as high as 12 nm. These small asperities had radii of curvature of 
50-70 nm. This is an important observation, which suggests that approximating 
such probes as spheres can be inaccurate. As is commonly believed, the surface 
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roughness of the probes causes difficulties in predicting probe-substrate contact ar- 
eas during pull-off force measurements. 


3.3. Pull-off force measurement results 


Figure 9 shows histograms for the 5 wm, 10 wm and 40 ym probes, showing the 
measured force distribution changes. The 5 ym probe (silanization of this probe 
was necessary to reduce the pull-off forces measured on the grid) yielded a pull-off 
force of 34.3 + 2.2 nN on the flat area of the TGG grating and 53.2 + 28.9 nN 
on the grid area. The force measurements on the grid yield force values that are 
both larger and smaller than those on the flat area, and the scatter in the data is 
significantly increased as well. 

The 10 yum probe yielded a pull-off force of 35.9 + 5.3 nN on the smooth 
silicon wafer, and 31.8 + 15.6 nN on the grid area of the TGG grating. The force 
measurements on the grid yielded force values that are close to those on the flat 
area, although the scatter in the pull-off force data for the probe-grid system was 
still significant. 

The 40 um probe yielded a pull-off force of 51.2 + 3.1 nN on the flat area and 
16.1 + 6.5 nN on the grid area. The force measurements recorded on the grid are 


8 
5 um probe on Z 5 um probe on grid 
2 nanorough surface 25 F=53.2+28.9 nN 
5 F=34.342.2nN 54 
S 38 3 
2 
1 
0 | 
0 1020 30 40 50 60 70 80 90 100110 0 1020 30 40 50 60 70 80 90 100110 
Pull-off force (nN) Pull-off force (nN) 
10 um probe e 
25 yum on . 
g 20 ee 2 60 encesty 
5 15 F=35.9+5.3 nN 5 
ro) S 40 
oO 10 S) 
5 20 
0 0 
25 30 35 40 45 50 0 10 20 30 40 50 60 70 80 90 
Pull-off force (nN) Pull-off force (nN) 
40 um probe on 
g nanorough surface 2 
5 F=51.2+3.1nN 5 
° i] 
1S) 1S) 
0 5 10 15 20 25 30 35 40 45 50 55 0 5 10 15 20 25 30 35 40 45 50 55 
Pull-off force (nN) Pull-off force (nN) 


Figure 9. Histograms of force measurements for the 5 wm, 10 zm and 40 zm probes. 
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now significantly smaller than those on the flat area. The scatter in the data for the 
40 um probe does not increase as much as for the 5 zm and 10 «4m probes when 
moving from the flat area to the grid area. 

For all three probes, a uni-modal distribution is observed for force data recorded 
from the flat area of the TGG grating (for 5 wm and 40 wm probes) and smooth 
silicon wafer (for 10 4m probe). Force data for 5 wm probe yield multi-modal 
distributions for measurements performed on the TGG grid with distinct groupings 
at values of approximately 10, 25, 45, 70, 90 and 105 nN. The results for the 10 ~m 
and 40 jm probes on the TGG grid can be interpreted as uni-modal. 

Figure 9 provides a direct evidence that micro-scale roughness or, in other words, 
roughness with features whose dimensions are close to the size of the probe, 
increases the scatter in the data for AFM pull-off force measurements. For the 5 um 
probe, its diameter is close to the peak-to-peak distance (3 jm) for the grating, and 
as a result the roughness increased the scatter in the pull-off force results due to 
numerous possible scenarios for the contact between the probe and one or two 
asperities. The roughness of the glass probe surface (Fig. 8), coupled with the 
apparent surface irregularities of the TGG ridge peaks (Fig. 4) gives rise to data 
scatter due to roughness effects, as well as multi-modal distribution characteristics. 
For example, this probe is able to contact an individual ridge not only at its apex 
but also at its side, just below the top of the ridge. As discussed in Section 3.1, the 
sides of the ridge are more irregular than the ridge’s apex, so this probe-ridge side 
contact scenario provides the opportunity for a variety of different probe-substrate 
contact areas and, therefore, a variety of pull-off force values. Discussion on the 
multiple contact scenarios will be given in the later part of this paper. 

As can be deduced from Fig. 8, the probe surfaces are not perfectly spherical. 
In fact, the 10 ym probe showed the most distinct roughness characteristics 
(observation primarily made based on the SEM imaging of the probes) and 
coincidentally yielded much smaller force magnitude on the smooth surface as 
compared to 40 ym probe. 


3.4, Data scatter due to surface roughness 


The appearance of a continuous distribution of forces over a wide range of values 
for probes measured on the TGG grid may seems a bit odd. There are essentially 
three different contact scenarios available between the probe and substrate (Fig. 10): 
probe in contact with the apex of one ridge (Fig. 10A), contact of the probe with two 
ridges (Fig. 10C) and contact of the probe with one ridge and long range-interaction 
with the second ridge (Fig. 10B). 

The probe-ridge two-contact or non-contact interaction scenarios are quite re- 
stricted, due to size limitations and specific orientations of the probe over the ridges. 
The double contact scenario can only occur if the probe is positioned exactly be- 
tween two adjacent peaks (because of torsional elasticity of the cantilever, double 
point contact can also be forced during loading, however intuitively only one point 
will be detached first during retraction). Any slight variation from this, barring the 
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Figure 10. Schematics of possible contact scenarios for glass probes on TGG substrate. (A) Single 
contact point, (B) a single contact point with a non-contact interaction felt by a second asperity and 
(C) a double-contact point scenario. 
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occurrence of sliding, would result in the intermediate scenario in Fig. 10. This 
scenario is also limited due to size constraints as it can occur only if the probe is 
close enough to the second peak to experience a measurable attraction from sur- 
face forces, typically <10 nm in air. More serious complication for the two-contact 
scenarios comes from the nano-scale roughness of the asperities demonstrated in 
Fig. 4. The nano-irregularities of micro-ridges will hinder a full contact between 
the probe and the ridge. 

The single contact point scenario may occur at any point over a rather large area 
on the probe surface. In fact, anywhere between the two contact points shown in 
scenario (C) in Fig. 10 the probe may experience contact. As the probe may have 
any arbitrary orientation with respect to the direction of the ridges, the possible 
contact areas for the different scenarios are illustrated in Fig. 11. 

Since the probes were found to have some inherent surface roughness, along with 
some surface irregularities on the ridge peaks of the TGG grid, a data scatter is to be 
expected from the force measurements captured from single contact point scenario. 
Also, there is a range of forces possible for the non-contact attraction scenario. 
This non-contact force increases the closer the probe is to the second contact with 
another ridge (from a zero non-contact force for single-contact point scenario when 
the distance between the probe and another ridge exceeds the range of surface forces 
to a maximum force characteristic for a double contact point scenario). Therefore, it 
is physically possible to capture representative data with continuous values between 
the two extreme contact point scenarios (single and double contact points), even 
for ridges having perfectly smooth surfaces. The occurrence of surface roughness 
simply adds to the likelihood of data scatter. 

The statistical data from the systems studied in this research are presented in 
Table 1 and Fig. 12. These data illustrate how the scatter in the force values 
changes as the probe size to surface roughness ratio changes (D/A = probe diameter 
divided by the peak-to-peak distance). The AF'/F parameter, which is the standard 
deviation for the measured pull-off forces normalized by the mean value, is used 
in this study to directly compare different systems with regards to their distribution 
characteristics. A plot of AF /F versus D/d is shown in Fig. 12. 

It is clear from the results in Table 1 and Fig. 12 that scatter in the experimental 
pull-off force values decreases as the ratio of surface irregularities size (expressed 
by A parameter) to probe size (D) decreases. AF /F increases from 4.4-14.8%, 
calculated for smooth surfaces, to 40.4-64.3% for microrough surfaces. It is 
difficult to discern between probes of different sizes on the microrough surface, 
as all probes are prone due to geometric limitations to the same contact scenario. It 
appears from the results in Table 1 that the microrough surface features may have 
an impact on the contact area between any of the probes used and give rise to data 
scatter. The probe surfaces also showed some surface roughness that could alter the 
contact areas, a problem compounded by the possibility for contact to be made over 
a substantial portion of the probe surface (Fig. 11). 
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Figure 11. Areas of possible contact points between the probe and the TGG grid. 


3.5. Probe-ridge geometry effects 
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To further support the occurrence of data scatter from different contact scenarios, 
pull-off forces were captured for different locations, separated by an operator- 
controlled offset distance. The offsets were positioned so that probe was translated 
perpendicular to the ridges. Any variations in force measurement as the probe was 
cycled systematically between a single ridge and double ridges could then be easily 
discerned. An example of the results obtained from these experiments is shown in 


Fig. 13. 
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Figure 12. Standard deviation versus ratio of the probe diameter (D) to the peak-to-peak distance (A) 
for all systems studied. A trend line is included as a means to guide the eye. 


Table 1. 
Statistical force data for all systems studied 


Probe diameter Surface D/z FOoAF AF/F 
(um) (m/m) (nN) (%) 
5 nanorough 78.1 34.342.2 6.4 

(flat TGG) 
microrough 1.6 53.2 + 28.9 54.3 
(TGG grid) 

40 nanorough 625 $1,233.41 6.1 
(flat TGG) 
microrough 13.1 16.146.5 40.4 
(TGG grid) 

10 (a) smooth 323 110.44 4.9 4.4 
(Si wafer) 
microrough 3.3 57.4 + 36.9 64.3 
(TGG grid) 

10 (b) smooth 323 35.9 @5.3 14.8 
(Si wafer) 
microrough 3.3 31.8 + 15.6 49.1 
(TGG grid) 


(a) and (b) represent two different probes of the same diameter but possible different surface nano- 
roughness characteristic. 


The plot in Fig. 13 shows vast differences in pull-off force values as the probe is 
positioned differently over the grating ridges. Force values approached a maximum 
of about 50 nN and a minimum of about 10 nN. The data follow a pattern, which 
mirrors the structure of the TGG grid, as shown by the guideline in Fig. 13. If this 
hypothesis is correct, the larger force values would correspond to double-contact 
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Figure 13. Averaged pull-off force vs. x-offset for the 10 ~m probe on TGG grating. A guideline is 
included in the plot to aid the eye in following the data trend. 


points, or the occurrence of a second non-contact attraction. The low force values 
would correspond to single contact point scenario. This trend was not always 
clearly seen, however, possibly since the force value is so sensitive to positioning 
of the probe over the ridge peak. Due to surface roughness of the probe, and more 
important due to variation in the size and distribution of nano-scale irregularities 
on the asperities’ surfaces, the possibilities for entering different contact scenarios 
are practically endless. In addition, creep of the piezoelectric crystals that drive the 
offset translations, makes it unlikely that the same area of the probe is contacted 
with successive ridge peaks, even if offsets are scaled to the peak spacings of the 
grating itself. 

Figure 13 shows how sensitive the force measurement was to location of the 
probe over the model grating. The value of the measured pull-off force changed 
significantly at different locations of the substrate and this effect was noticeable 
even when sampling areas of the grating (represented by step size for offsets shown 
on the x-axis) were only a few hundred nanometers apart. 


3.6. Work of adhesion 


In an effort to convert the measured pull-off forces to the work of adhesion, contact 
mechanics theoretical models for idealized sphere—flat systems and those taking into 
account the topography of the substrate roughness effects were used. The work of 
adhesion values are shown in Table 2 and explanation for theoretical equations used 
along with the discussion of results are provided in the following paragraphs. 

In the first approach, the work of adhesion between a probe and a ‘smooth’ 
substrate or flat area of the TGG grating was calculated from the following equation: 

F 


Wa= ; 5 
area (5) 


where F is pull-off force (average value from experimentation), Rp is the radius of 
the probe (or radius of asperity located at the apex of the probe) and c is a constant 
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Table 2. 
Calculated work of adhesion values for probes and substrates used based on the experimental pull-off 
forces and theoretical models presented in the text 


Probe Substrate Work of adhesion (mJ/m?) 
(um) equation (5) equation (9) equation (10) equation (11) 
5 FlatTGG = 2.7 53 NA 98 
(silanized) (c = 1.6) (c = 1.7) (c = 1.6) 
TGG grid NA NA 60 NA 
(c = 1.8) 
10 (a) Si wafer 4,4 147 NA 415 
(c = 1.6) (c = 1.7) (c = 1.6) 
TGG grid NA NA 45 NA 
(c = 1.8) 
10 (b) Si wafer 1.4 47 NA 135 
(c = 1.6) (c = 1.7) (c = 1.6) 
96-135 135-172 
(Rp = 50-70 nm, (Rp = 50-70 nm, 
c= 1.7) c = 1,8) 
TGG grid NA NA 25 NA 
(c = 1.8) 
40 FlatTGG 0.5 79 NA 146 
(c = 1.6) (c = 1.7) (c = 1.6) 
TGG grid NA NA 6 NA 
(c = 1.8) 


Numbers in bold indicate the values of the work of adhesion which are close to those predicted 
from the surface energy consideration, see text. (a) and (b) represent two different probes of the same 
diameter but possible different surface nano-roughness characteristic. 


and can vary from 1.5 to 2.0. In extreme cases, the c value can be 2 if equation (5) 
represents the Derjaguin approximation [15] for the sphere~flat interactions or 
represents the DMT contact mechanics model [3] (for A 2 5), whereas c = 1.5 
if the JKR contact mechanics model [2] applies (for A < 0.1). 

The value of constant c in equation (5) (for 0.1 < A < 5) can be calculated from 
the expression derived by Carpick et al. [16]: 


7 1/4.044!4-1 
ce | (6) 
4 4\4.04.14+41 


where A is the Maugis parameter that can be calculated from [4]: 


= 2.06 3, RpWa 


a a 
zo V aK? 


(7) 


Zo is the equilibrium separation distance between the probe and substrate during 
adhesional contact, usually assumed in the range of values from 0.2 to 0.4 nm and 
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K is the reduced elastic modulus: 


1 3 1—vp 1— vg 
pice mee 8 
K i( Ep ey Es ) 


E denotes Young’s modulus and v is the Poisson’s ratio; subscripts P and S refer 
to probe and substrate, respectively. Assuming Ep = 64 GPa and vp = 0.2 for 
borosilicate glass and Es = 129 GPa and vg = 0.28 for silicon wafer [17], the 
reduced elastic modulus is K = 60.2 GPa for our systems. 

The third column in Table 2 shows Wa values calculated using equation (5). The 
values vary from 0.5 to 4.4 mJ/m’, which appears to be 1-2 orders of magnitude 
smaller than what we could expect. For example, Sharma and Freitas [18] 
determined the surface energy of both silicon wafer and glass using contact angle 
measurements to be 60-65 mJ/m?. Surface energy of both silicon wafer and glass 
depend on the surface cleaning procedure and degree of surface contamination. It 
is well known that water will spread to form a film on well-cleaned surfaces of both 
silicon wafer and glass, which indicates that the surface energy of these materials 
can be even larger than reported by Sharma and Freitas [18], i.e., ys > 72 mJ/m’. 
These, silicon wafer and glass are difficult to maintain clean in the laboratory 
environment during the AFM experiments for a long time. Certain amount of 
contaminants from the air will adsorb at the surfaces of both silicon wafer and glass 
during the AFM experiment, reducing the surface energy to less than 72 mJ/m*, but 
usually not less than what was reported in Ref. [18]: 60-65 mJ/m?. As the surface 
energies for both silicon wafer and glass are similar, we can assume that the work 
of adhesion between glass and silicon wafer will be close to the twice the surface 
energy of one of these materials, i.e., Wa * 120-150 mJ/m*? (this value is reduced 
to <100 mJ/m? for the 5 4m probe whose surface was partially silanized). The 
results of our calculations shown in the third column of Table 2 are two orders of 
magnitude smaller than could be expected. This discrepancy clearly indicates that 
analysis of the W, value cannot be done based on the microscopic dimensions of the 
probe and substrate, and nanoroughness significantly reduces the contact between 
the probe and substrate during the pull-off force measurements. If instead, the 
radius of curvature of nano-irregularity located on the 10 44m probe apex (probe 
10b, Table 2) is used, the calculated W, value is much closer to our estimate. The 
danger with this approach is that it does not take into account the roughness of the 
substrate and this result can be coincidental. 

Because ‘smooth’ substrates used in this research still possessed roughness 
characteristic at the nano-scale, the adhesion between the probe and individual 
asperities of the substrate with the radius of curvature of Ra could be estimated 
from the following equation: 


F (Rp + Ra) 


W.a= 
Gre. RSIRA 


(9) 
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Here asperity shape is assumed to be spherical, for simplicity of our analysis. In our 
calculations we used average value of asperity size instead of radii distribution. 

As can be seen from the data shown in the fourth column of Table 2, much more 
reasonable values of the work of adhesion were obtained, an order of magnitude 
or more larger values than the values calculated with equation (5) (Wa = 47- 
172 mJ/m’). 

Equation (9) cannot be used for analysis of the work of adhesion between 
spherical probes and ridges of the TGG gratings. The geometry of this system can 
be approximated as a sphere in contact with a cylinder. The expression for Wa for 
this geometry was taken from the work by Kirsch [19]: 


Wa = 1+—. (10) 


The radius of the ridges in the TGG grating (Ra) is assumed to be 10 nm, according 
to the manufacturer’s specification. As shown by the data in the fifth column 
of Table 2, the calculated work of adhesion decreased from 60 to 6 mJ/m? for 
increasing probe sizes from 5 to 40 wm. Although we recognize that the 5 um 
probe was silanized (providing reduced probe’s adhesion to the substrate) and the 
data generated with this probe cannot be used for direct comparison with other 
unmodified probes, the effect of increasing dimension of the probe on calculated 
work of adhesion is remarkable. This clearly indicates that larger probes are more 
sensitive to nano-scale imperfections of the standard grating noted in the previous 
discussion (Fig. 4). 

Finally, the model of Rabinovich er al. [13, 14] (equations (2)-(4)) was used to 
analyze the data. Because in our systems F/R >> B, equation (2) was reduced to: 


58F RMS 
A=— 


(11) 


cm 2 


The results of calculations are shown in the last column of Table 2. With the 
exception of the result for the probe 10a, the work of adhesion values calculated for 
other probes in contact with flat silicon substrates are in the range of our estimates. 


4. CONCLUSIONS 


Roughness has typically been held responsible for decreasing the pull-off force 
magnitude on account of asperity contact rather than intimate contact of the 
spherical body with the flat substrate (idealized geometries). We show here that 
when the probe size is close to the scale of roughness, the magnitude of the force 
measured may actually increase or decrease. The explanation for this comes from 
the possibility of multiple contact points (double contact points in the case of our 
systems with the TGG grating) with asperity sidewalls when the probe is able to 
penetrate inter-asperity spacing. 
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In addition, roughness effect was studied systematically by varying the probe 
size to the scale of substrate roughness features, and controlling the orientation 
of the probe over the substrate features to induce different contact scenarios. The 
experimental results showed that the scatter in the pull-off forces decreases with 
increasing ratio of the probe diameter to the dimension of the surface asperity, but 
on the contrary, the magnitude of the pull-off force is more severely altered by 
roughness. 

The analysis of pull-off forces measured for rough (rigid) substrates and probes 
in terms of the work of adhesion still seems possible if the probe diameter is much 
larger than the size of roughness features of interacting surfaces. In order to succeed 
in interpretating such complex systems, a detailed surface analysis in terms of 
roughness parameters, asperity size and shape, and spacing between asperities is 
required. Then, analysis of the experimental data should be done with one of the 
theoretical models applicable to rough surfaces. 
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Experimental analysis of the influence of surface 
topography on the adhesion force as measured by an AFM 
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Abstract—Force curves have been acquired using an atomic force microscope (AFM) on homoge- 
neous microspheres of three different materials (latex, glass and yttria), in order to study the possible 
influence of the surface topography/ geometry on the adhesion force as measured by an AFM. Forces 
were measured in regions at the top of the spheres (9 ~ 90°), at half-heights (9 ~ 0°) and in an 
intermediate region between these two (6 ~ 45°), where the angle 6 is measured from the equatorial 
plane of the sphere to its polar axis. A very irregular and non-reproducible behaviour was found at 
6 & 0°, so only the other two regions were quantitatively analysed. For all the three materials, a much 
smaller adhesion force was obtained in the region corresponding to 6 ~ 45° as compared to 6 * 90°. 
Moreover, a quite similar adhesion decrease ratio of about 1.60 + 0.5 was obtained for all the three 
materials, which may suggest that the observed behavior might be due to geometrical factors. This 
observed influence could, in part, explain the observed heterogeneity in adhesion maps of microbial 
cells reported in the literature. The influence of the surface roughness is also discussed and it seems 
to result in a poor reproducibility of force curves. 


Keywords: Atomic force microscopy; adhesion force; force curve mapping; surface roughness. 


1. INTRODUCTION 


The adhesion property of surfaces is of great interest in many scientific and indus- 
trial fields. In industry, for example, adhesive tapes require a high gluing/adhesive 
property irrespective of the other material. On the contrary, magnetic tapes and 
hard disks work better if the adhesion between the read and write heads is minimal. 
Also, adhesion is of great importance in biology and medicine because of specific 
and non-specific interactions of microorganisms with biomaterials, biofilm forma- 
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tion and biofouling. Moreover, approaching surfaces are more conveniently treated 
in terms of surface energy rather than forces so, since adhesion is directly related to 
surface energy, it becomes a very useful parameter in practical problems [1]. 

Since its invention in 1986, Atomic Force Microscopy (AFM), also known as 
Scanning Force Microscopy (SFM), is being increasingly used in the analysis of 
adhesion. AFM features include high lateral resolution and versatility. This tech- 
nique is capable of performing adhesion measurements under different environ- 
mental conditions and without special sample preparation. Force curves obtained 
by AFM are force-distance plots measured by monitoring the deflection of a can- 
tilever as the tip attached at its end approaches or retracts from the sample. Physico- 
chemical surface properties of the sample such as friction, adhesion and elasticity 
can be derived from the analysis of force curves taken at extremely high lateral 
resolution [2-4]. This technique has been applied to many industrial [5-8] and 
biological fields [9-13]. 

In general, the surface area of an object is proportional to the square of its linear 
dimension, while the volume is proportional to its cube. Surface forces such as 
friction and adhesion are proportional to the surface contact area, while inertial 
forces are proportional to the volume. In micrometer and sub-micrometer-sized 
systems such as microbial cells and microelectromechanical systems (MEMS), the 
decreased size of features means that the influence of the surface forces exceeds 
that of the inertial forces. Therefore, tribological phenomena and adhesion play an 
extremely important role in these types of systems [14, 15]. A recent and excellent 
review about application of SFM in biological systems can be found in Ref. [16]. 
See also Refs. [17, 18] for good overviews of theoretical and experimental aspects 
of modern nanotribology. 

Despite the advantages, problems arise due to the finite size of the AFM tip, when 
an AFM is used for imaging surface features with dimensions smaller or comparable 
to that of the radius of curvature of the tip. In this situation, since the image is 
dominated by the shape of the tip, several tip-related artifacts can be introduced 
[19], which distort the topographical images and lead to wrong quantification of 
surface parameters such as surface roughness [20]. Because the adhesion force 
depends on the contact area between the tip and the sample, these tip-artifacts will 
affect it. There are some publications dealing with the influence of nanometre-sized 
surface features on adhesion as measured by an AFM, from both theoretical [21] 
and experimental [22] points of view. 

However, some authors have reported an influence of the surface topography on 
the adhesion forces when acquiring adhesion maps on micrometer-sized sphere-like 
cells, whose origin is not clear to date. The results from the published literature 
show a general tendency of the force values and related properties to decrease from 
the central areas to the periphery. For instance, the force maps obtained by Auerbach 
et al. [23] on unsaturated Pseudomonas putida biofilms showed less adhesion on 
the periphery than on the central areas (upper part of the cells). In this work, 
the authors assumed that this result could be caused by a minor moisture content 
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or a minor quantity of extracellular polymeric substances (EPS) on the interstitial 
areas than in the central regions. Similar results were obtained by Penegar et 
al. {24] regarding the Young’s modulus, which was determined from the force 
curves, for the marine bacteria Sphingomonas paucimobilis. These authors did 
not take account the most peripheral regions because they could be affected by 
lateral displacements of the sample, as well as being influenced by the underlying 
substratum. In a previous study on yeast Candida parapsilosis, analogous results 
were obtained by our group [25]. In these types of systems, it is not easy to 
confirm the origin of such behaviour of the adhesion force, since cells can be quite 
heterogeneous at a molecular level, so it could be due to a complex interplay of 
topographical/ geometrical, chemical and mechanical factors. In the present work, 
the influence of the topography/ geometry on the adhesion force is analysed. To do 
so, three different systems with identical (spherical) geometry have been chosen: 
homogeneous microspheres of latex, glass and yttria, and adhesion force curves 
have been acquired in three chosen regions on each system, using an atomic force 
microscope. 


2. MATERIALS AND METHODS 


Three different kinds of homogeneous microspheres differing in their chemical 
nature and size were used: (a) latex (3.0 wm microspheres), (b) glass (Glass 
beads, 3-10 zm), both supplied by Polysciences, Inc., and (c) yttria (10—100 um) 
from Goodfellows GmbH. Concentrated aqueous dispersions of these particles were 
prepared and drops of them were placed on glass slides. By gently heating the 
glass slide with the drop, beads were partially fixed and the water evaporated. The 
samples were stored in a desiccator overnight. Water for preparing dispersions 
was deionized (from a Milli-Q Plus, Millipore). Figure la shows an AFM image 
taken in the topography mode, showing the surface of a glass microsphere. The 
corresponding 3D image is shown in Fig. 1b. From both images it is clear that 
the surface is quite homogeneous from a topographical point of view. The absence 
of highly irregular surface features can also be seen from the surface line profile 
recorded over a microsphere (Fig. lc). Very similar images (not shown) were 
obtained for the latex microspheres, showing also a quite regular surface. 

All AFM experiments were performed with an Autoprobe CP atomic force 
microscope (Park Scientific Instruments, Geneva, Switzerland), equipped with a 
scanner with a maximum range 100 ym in the x and y directions and 7 jm in the z 
direction. This instrument has an optical microscope to locate the region of interest 
in an easy way by monitoring the sample on a TV screen. Images were acquired 
using V-shaped cantilevers with conical silicon tips (Ultralevers, Park Scientific 
Instruments). The nominal force constant of the cantilevers is 0.4 Nm7!. Tips have 
a nominal radius of curvature of 10 nm according to manufacturer’s specifications, 
and an aspect ratio (length-to-width ratio) of 3. The scanner speed ranged between 
1 and 5 wms7! and the images were acquired at a resolution of 512 x 512 pixels 
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Figure 1. (a) Topographical AFM image (2.0 x 2.0 jam?) of the surface of a set of latex microspheres. 
(b) 3D image of the topography of the microspheres shown in (a). (c) Line profile recorded over the 
latex microscopheres, showing the topographical surface homogeneity of these beads. 
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and processed by applying a flattening routine. The maximum applied force was 
~<17 nN. 

Force vs. distance curves were acquired in three different areas of the surface of 
each microsphere as described in the next section. 


3. RESULTS AND DISCUSSION 


An AFM adhesion study was performed on microspheres of very different materials 
which are commonly used in scientific research. In order to show the influence of 
topography on adhesion forces as measured by an AFM, a set of force curves was 
obtained in different zones of the microsphere surface. A schematic diagram of 
these regions is shown in Fig. 2, where A, B and C denote regions whose average 
angles 6 are approximately 90°, 45° and 0°, respectively. The area of each region 
was about 0.2 m?. 

A first observation in the adhesion measurement process on the microspheres 
was that force curves taken in region C were often extremely irregular and hardly 
reproducible since the force curves acquired consecutively on the same point were 
very different. This makes the characterization of adhesion in this region quite 
difficult or impossible. For this reason, data in regions A and B only will be 
compared for these materials. 

In the case of latex microspheres, the mean value of the adhesion force was 
Fy = 39.3 +9 nN, with a number of trials N = 57, in region A, while in region 
B it was Fg = 23.549nN(N = 56). Thus, a notable decrease in adhesion force 
is obtained when the surface is sloped with respect to the horizontal, even when 
no surface composition variation is present. This general behaviour was obtained 
irrespective of where the surface was selected around the sphere polar axis, at an 
angle of 6 ~ 45°, giving a decrease ratio value of F4/Fp = 1.67+0.50. Besides, it 
is interesting to note how the data reproducibility becomes poorer as the considered 
regions are more peripheral, as it can be seen by acquiring several consecutive force 
curves on the same point of a given area. These results are shown in Figs 3a and 3b 


Cc 


Figure 2. Schematic diagram of the three regions of the microspheres in which force curves have 
been recorded: 6 = 90° (region A); 9 ~ 45° (region B); and 6 * 0° (region C). 
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Figure 3. Five consecutive force curves taken at the same points of (a) region A and (b) region B, on 
latex microspheres. 


where five force curves on the same point in regions A and B, respectively, have 
been plotted. From these pictures it is clear how adhesion becomes more difficult to 
characterize as more tilted the regions are. 

For glass microspheres, a quite analogous behaviour is found. In this case, 
the measured adhesion force mean value was Fy, = 18.446nN(N = 64) in 
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the nearly horizontal region A, while the corresponding value in region B was 
Fg = 11.522nN (N = 64). Again, a decrease in adhesion from region A to B is 
obtained, in spite of the fact that glass microspheres also represent a homogeneous 
system. In this case, the adhesion ratio was F4/Fg = 1.60 + 0.50, comparable to 
that obtained for latex (1.67 + 0.50). The similar ratios obtained for such different 
materials suggest that the observed decrease may be due to geometrical factors, 
probably related to a decrease in the contact area between the tip and the surface, as 
some authors have suggested [23], and not to the nature of the microsphere material. 
In order to test this assumption, analogous measurements were carried out on such 
a different material as yttria. From these additional sets of force curves on yttria 
microspheres with a diameter @ ~ 10 ym, the adhesion forces were Fy = 30 +4 
(N = 71) and Fg = 18.2 + 7.5 (N = 80), in zones A and B, respectively. In this 
case, the adhesion ratio is 1.65 + 0.5, which is in agreement with the above results, 
conferring some plausibility to the hypothesis of the topographical/geometrical 
effects in the adhesion measurements. 

On the other hand, the behavior of force curves of glass microspheres in regions 
A and B are shown in Figs 4a and 4b, respectively. As can be derived from the 
comparison of forces curves in region B for latex (Fig. 3b) and glass (Fig. 4b), a 
better data reproducibility is achieved when force curves are acquired on glass beads 
(although a lateral off-set is observed amongst them). As in both latex and glass 
microspheres a quite homogeneous composition has been considered, so it must 
be some particular feature of each material that influences the data reproducibility. 
As is well known, since the surface roughness is quite different in glassy and 
polymeric materials and, thus, it could be responsible for the difference in data 
reproducibility between these two materials. In order to test this premise, surface 
roughness measurements were performed on both kinds of microspheres. Although 
several parameters have been proposed for characterizing surface roughness, the 
most commonly used is the root mean squared roughness, Rims, defined as the 
standard deviation of height data in a chosen area. Since this parameter depends 
on the scale in which it is measured, its dependence with scale must be obtained to 
fully characterize the surface roughness of the materials. The results are presented 
in Fig. 5 showing that latex has a higher surface roughness than glass, at all the 
scales in which it has been measured. 

The possible influence of surface roughness on data reproducibility can be 
qualitatively understood by making use of a simple model. Figures 6a and 6b 
show schematic diagrams of an AFM tip approaching horizontal and tilted rough 
surfaces, respectively. In the case of a normal approach, the tip-surface contact 
is made through the tip apex which will be the point where the force is applied 
during the complete force curve acquisition process. However, if a tilted surface is 
approached, the initial contact could be made at a lateral point of the tip. In this 
case, while the tip is being pushed against the surface, the tip-surface contact point 
could be varying during the force curve acquisition process, giving rise to a non- 
comparable set of force values and, consequently, to very irregular force curves. 


372 A. Méndez-Vilas et al. 


CO 


3e-8 7 


Force (N) 


2.e-8 4 


0.0 5 


-1le-8. SS - 1-7 


-0.2 0.0 0.2 


Sample height (zm) 
(a) 


1.4e-7 
1.2e-7 
1.0e-7 
8.0e-8 
6.0e-8 


Force (N) 


4.0e-8 
2.0e-8 
0.0 


-05 -04 -03 -02 -0.1 0.0 0.1 0.2 


Sample height (44m) 
(b) 


Figure 4, Five consecutive force curves taken at the same points of (a) region A and (b) region B, on 
the glass beads. 


Moreover, an additional effect could occur when a lateral interaction takes place 
between the tip and the surface. It is quite possible that pushing against a tilted 
surface causes the tip to twist a little, in such a way that the laser spot could be 
moved not only from side to side on the photodiode, but also up and down, resulting 
in artificial force data at that point. 
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Figure 5. Surface roughness values (Rrms) as a function of scanned area for (@) latex and (A) glass 
microspheres. 
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Figure 6. Schematic pictures of an AFM tip approaching (a) horizontal and (b) tilted rough surfaces. 


Finally, it is interesting to note that lateral interactions are also the cause of tip 
artifacts, aS some authors have reported (26, 27] and as it was mentioned in the 
Introduction. Usually, these types of artifacts produce very particular distortions 
of the image (line profiles over affected images usually display straight lines when 
obtained on curved surface features). However, we have to emphasize that we did 
not find these types of artifacts in our images, which suggests that although all these 
effects could have the same origin, the adhesion measurement is probably more 
sensitive to this lateral interaction than tip artifacts. 
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4. CONCLUSIONS 


In this study, a significant decrease in the adhesion force when force curves are 
taken in regions far from the top of the spheres (nearly horizontal region) is shown, 
even when homogeneous systems are considered. The observed decrease seems to 
be nearly independent of the size and material, suggesting that it could be due to 
the geometry of the sample. This effect must be taken into account when adhesion 
force maps of microbial cells are obtained. The influence of surface roughness on 
force curves has been analyzed. Although surface roughness does not seem to have 
a significant influence on decrease ratio of adhesion force between the two zones 
studied, it seems to cause a greater scatter in the data and a poorer reproducibility 
of force curves. 
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Adhesion forces between individual gold and polystyrene 
particles 
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Abstract—Using the particle interaction apparatus, adhesion forces between individual pairs of 
spherical polystyrene and gold particles (@ 2-20 um) were measured. With the particle interaction 
apparatus the contact time and load can be adjusted keeping all other parameters constant. Adhesion 
forces between different pairs of particles varied by a factor of five even for similar particle sizes. 
Adhesion forces were significantly lower than expected from the JKR or DMT theory. AFM images 
confirmed that one reason was probably the surface roughness on the nanometer scale. For both 
materials the adhesion force did not depend on the load (at least up to loads of 1 uN), Thus plastic 
deformation is probably negligible. The adhesion force increased with contact time. We interpret this 
increase as being at least partially caused by squeezing out of surface films. By removing the surface 
film a closer contact between the particle surfaces is established. 


Keywords: Atomic force microscope; adhesion; fine particles; powder; pull-off. 


1. INTRODUCTION 


Adhesion between small particles or particles and surfaces is important for a variety 
of natural phenomena and industrial processes [1]. One example is the aggregation, 
flow, and mixing of powders. Friction phenomena are strongly influenced by the 
adhesion between microcontacts [2, 3]. In order to understand and predict the 
aggregation of small particles, the forces between two particles in contact need to 
be known. When two particles in a vacuum or in a gaseous environment come 
close, they usually experience attractive forces such as van der Waals forces or the 
capillary force. Once in contact, they are inevitably deformed due to their finite 
elasticity. 
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The contact between two solid spheres is usually described by the model of 
Johnson, Kendall and Roberts (JKR) [4] or by the model of Derjaguin, Muller, 
and Toporov (DMT) [5]. Both models are based on an earlier analysis by Hertz, 
who considered two elastic bodies in contact under an external load but ignored the 
attractive interparticle forces [6]. In the JKR approach, the effective steady-state 
pressure in the contact circle is assumed to be the superposition of elastic Hertzian 
pressure and attractive surface forces which act only over the contact area. As a 
result, a tensile force is necessary to separate the adhering particles. This pull-off 
force between two spherical particles is given by 


Fixx = 3 Ry, (1) 


where, y is the effective solid surface energy and R is the reduced radius of 
curvature of the two surfaces, R = R,R2/(R, + R2), with R; and R2 being the 
individual particle radii. 

DMT published an alternative theory which also accounts for non-contact forces 
in the vicinity of the contact area. It predicts a slightly higher pull-off force, i.e. 


Fomr = 47 Ry. (2) 


In both JKR and DMT models, the separation force between two spherical particles 
is independent of the elastic material properties but is a linear function of the particle 
size and the surface energy. It turned out that both models were limiting cases of a 
more general description [7]. The JKR model is appropriate for large, soft bodies 
with high surface energies. For small, hard solid particles with low surface energy, 
the DMT model should be applied [8, 9]. 

Adhesion forces for individual particles have been measured with a variety of 
methods [10-12]. The two most direct and precise methods are the centrifuge 
method [13-17] and atomic force microscope (AFM) based-techniques. The 
centrifuge method is based on the detachment of particles from a substrate due to 
a centrifugal force. The particles are deposited onto the substrate, the substrate 
is placed into a centrifuge, and the number of particles which detach at a certain 
angular velocity is measured. From the size of the particles and the angular velocity, 
the centrifugal force can be calculated. This centrifugal force equals the adhesion 
force when the particles detach from the surface. In this way adhesion forces for a 
large number of particles can be determined. 

With the invention of AFM and the development of suitable microfabricated can- 
tilevers as force sensors it became possible to measure repeatedly the adhesion force 
between individual particles. In a typical AFM force experiment the interaction be- 
tween a spherical particle of 1-15 zm radius attached to the end of a cantilever 
and a plane is measured [18-22]. The advantage is that with an individual well- 
characterized particle several experiments can be done [23-26]. 

For surfaces which are perfectly smooth and clean, equations (1) and (2) have been 
verified. In normal circumstances, however, the adhesion observed between hard 
solids is smaller. This may be due either to surface films or surface roughness [27]. 
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Much theoretical [28] and experimental [23, 29] effort is devoted to find out to 
which degree in a specific system roughness or surface films influence adhesion. 

Here we present results of adhesion measurements with an AFM related setup 
called the particle interaction apparatus (PIA). In contrast to most experiments in 
which the force between a particle and a planar surface is determined and Der- 
jaguin’s approximation [30] is used to calculate the corresponding particle—particle 
interaction we really measured the adhesion force between two particles. Mainly 
four questions were addressed: 


(1) Is the first contact different from subsequent contacts? This question is relevant 
with respect to the methodology of AFM force measurements. In an AFM 
experiment the first contact is usually not recorded. The first few contacts are 
used to adjust the instrumental parameters. Only after several contacts, force 
curves are recorded and the adhesion (pull-off) force is measured. An implicit 
assumption is that the adhesion force does not change from contact to contact. 
With PIA we could verify this assumption. 

(2) How does the adhesion force depend on the particle size? Does the adhesion 
force increase linearly with the particle radius as predicted by equation (1) 
and (2)? 

(3) Does the adhesion force depend on the maximal load? Irreversible changes like 
plastic deformation are expected to depend on the load. 


(4 


ww 


Does the adhesion force depend on the contact time? If a surface film (e.g. 
hydrocarbon, water contamination layer) influences adhesion this is expected 
to change with time due to a thinning of the film. In addition, viscoelastic 
processes or the formation of bonds might depend on the contact time. 


These questions were already addressed for spherical silica (SiO) particles [31]. 
Silica particles are rigid, usually show an elastic response, and have a smooth 
surface. In this sense they are an ideal model system to verify theories of elastic 
contact. Here we describe results obtained with spherical polystyrene and gold 
particles. Gold and especially polystyrene are significantly less rigid. Their surfaces 
are rougher and probably less homogeneous. One advantage of PIA is that the 
contact time can be varied keeping the load constant or the load can be varied 
keeping the contact time constant. 


2. MATERIALS AND METHODS 


Gold spheres with appropriate diameters were produced using two gold wires 
connected to a power supply and briefly creating a short circuit (30 V, max 
0.2 A). This was done under argon atmosphere to avoid chemical reactions and 
contamination. A small aerosol cloud was produced in the spark. It was captured 
in a small container and consisted of gold spheres with a wide size distribution 
in the micrometer range. Gold spheres were glued onto tipless cantilevers (Veeco 
Instruments, Santa Barbara, CA, USA: V-shaped, 190 um long and 0.6 um 
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3 um 


Figure 1. Scanning electron micrograph of a polystyrene particle at the end of a cantilever. The 
particle was melted onto the cantilever by heating for a few minutes at 120°C. 


thick, spring constant 0.04-0.17 N/m) using a small amount of epoxy resin 
(Epikote 1004, Shell). Polystyrene spheres of different radii (Bangs Labs Inc., 
Carmel, IN, USA) were first rinsed with excessive amounts of water to get rid 
of adsorbed surfactants which were present to stabilize the polystyrene dispersion 
during synthesis as described earlier [32]. The particles were glued or melted onto 
silicon nitride cantilevers (Fig. 1). 

The particle interaction apparatus (Fig. 2) was described in detail before [33]. 
Briefly, cantilevers are fixed in a cantilever holder. The sample, consisting of a row 
of particles (Fig. 3), was placed on top of the piezoelectric translator. The particle 
on the cantilever was then positioned a few micrometers above a particle on the 
sample with three micrometer screws. This was done under optical control of a 
microscope with a long-distance lens (magnification 120) and a binocular. Using 
these microscopes and also being able to detect a twisting of the cantilever (since 
we used a two-dimensional photosensor, see below) we were able to position the 
particle on the cantilever with a lateral accuracy of roughly 0.5 wm with respect 
to the particle on the sample. All experiments were done at room temperature, the 
relative humidity was 40-50%. Humidity influences the adhesion force usually 
only above 40-50% [34, 35]. 

To measure force-vs-position curves the sample was moved towards the parti- 
cle with a 15-44m range piezoelectric translator (Physik Instrumente, Germany). 
‘Sample’ in our case is the row of particles mounted on a substrate on top of the 
piezoelectric translator. This translator was equipped with an integrated position 
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Figure 2. Schematic diagram of the particle interaction apparatus: (1) x-y~z translation stage; 
(2) stepper motors; (3) piezoelectric translator for horizontal and vertical displacements; (4) position 
sensitive device for monitoring the cantilever deflection; (5) liquid cell with sample on the bottom, 
cantilever with particle fixed on a holder coming from above; and (6) laser light source (movable in 
x-y directions for focusing on the cantilever end). The cantilever holder and the light path are shown 
in detail in the insert. 


sensors, which provides the position with an accuracy of 1 nm in a closed-loop op- 
eration. During the movement the deflection of the cantilever was measured with an 
optical lever technique. Therefore, the light of a laser diode (1.5 mW, 670 nm wave- 
length) was focussed onto the back of the gold coated cantilever. Via a mirror, the 
position of the reflected laser spot was measured with a two-dimensional position 
sensitive device (SiTek Electro Optics, Sweden, active area 20 x 20 mm?’). Using a 
position-sensitive device instead of a spilt photodiode increases the dynamic range 
for deflection and hence force detection. 

In contrast to normal AFM force experiments the sample was not moved up and 
down periodically with constant speed (triangular position curve) but moved fast 
towards the particle on the cantilever, then held at a fixed position. After a certain 
contact time it was retracted again. In this way, during contact the load was constant. 
Approaching and retracting speeds for all experiments were 0.7 m/s. Both the 
height position of the sample and the deflection of the cantilever were recorded 
directly with an AD-board in a personal computer or with a digital oscilloscope 
(12 bit effective resolution). The computer also controlled the movement of the 
sample. The adhesion force is the force required to separate the two particles after 
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30 wm 


Figure 3. Scanning electron micrograph of three gold particles glued to a silicon wafer. 


contact. It was obtained by multiplying the maximal negative deflection of the 
cantilever with its spring constant. 

Spring constants of each individual spring used were determined by moving them 
against a reference cantilever as described before [36]. The reference cantilever 
was calibrated with a method described by Cleveland er al. [37] by measuring its 
resonance frequency with attached spheres. 

To determine surface roughness of particles the particles were imaged with a 
commercial AFM (Multimode, NanoScope 3 controller, Veeco Instruments, CA 
Santa Barbara, USA) in contact mode using oxide sharpened V-shaped silicon 
nitride cantilevers (Veeco Instruments, 110 4zm long and 0.6 ym thick, spring 
constant +0.15 N/m). The scan size is limited by the radius of the particle. When 
imaging steeply inclined surfaces often the images become distorted and surface 
roughness cannot quantitativley be measured anymore. To avoid imaging steep 
regions the scan size was limited to typically 20-30% of the radius. For surface 
areas between (100 nm?) and (1 ym?) the roughness did not depend significantly on 
the scan area. 


3. RESULTS AND DISCUSSION 
3.1. Dependence of adhesion force on the number of contacts 


When carrying out experiments with individual particles one important question is 
whether the adhesion after the first contact is different from the adhesion after the 
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Figure 4. Adhesion forces measured between many pairs of particles depending on the number of 
contacts. For a better comparison all adhesion forces were divided by the adhesion force measured 
at the first contact. Only results obtained from the first five force curves are shown. Each symbol 
represents the result of one measurement with one pair of particles. The continuous line corresponds 
to the mean value. Dashed lines connect adhesion forces measured with one pair of particles. The 
contact time was roughly | s and the external load was 20-80 nN. 


second or subsequent contacts. Therefore, we recorded force curves for the first 
five contacts, and the adhesion force did not depend on the number of the contact 
(Fig. 4). Although in some experiments a significant difference between first and 
subsequent contacts was detected no systematic variation could be observed. The 
average adhesion force remained the same within an accuracy of 10%. Hence, 
under normal conditions we could safely adjust all device parameters and then start 
recording the force curves. 

Reitsma et al. [38] detected in increase in the adhesion force when studying the 
interaction of a 27-4~m diameter polystyrene particle and a flat silica surface. In 
contrast to our experiments they applied a high load of 95 WN. In our experiments 
the load was only 20-80 nN. 


3.2. Absolute adhesion forces and their dependence on particle radius 


Figure 5 shows the measured adhesion force vs the reduced particle radius deter- 
mined for many pairs of particles. The mean normalized adhesion forces (Faq/R) 
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Figure 5. Adhesion forces measured for many pairs of particles vs the reduced radius. Results are 
shown for three different particles on cantilevers (indicated by different symbols) interacting with 8 
particles on the substrate. The error bars indicate the standard deviation determined from many force 
measurements for a certain pair of particles. The contact time was 1 s and the maximal load roughly 
50 nN. 


were 0.087 N/m for polystyrene and 0.038 N/m for gold. There was a general ten- 
dency for the adhesion force to increase with increasing particle radius. A precise 
verification of equation (1) or (2) is, however, principally impossible because the 
results were widely scattered. Adhesion forces for different pairs of particles differ 
by a factor of 5-10 even when comparing similar reduced radii. 

At this point it is necessary to distinguish different sources of variation in the 
adhesion force. First, when doing adhesion measurements with one pair of particles 
the adhesion varies slightly from force curve to force curve. This variation is 
indicated by the error bars in Fig. 5. A significantly higher variation occurs when 
comparing adhesion forces obtained with different pairs of particles. This wide 
distribution of adhesion forces is well known from centrifuge studies [16, 17]. In 
AFM studies often relatively precise adhesion forces are reported. This, however, is 
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Figure 6. Atomic force microscope images of the surfaces of a polystyrene (@ 5 wm) and a gold 
particle (@ 20 wm). The images were flattened to remove the overall spherical curvature. Flattening 
partially caused the appearance of vertical stripes. 


misleading. It merely reflects the fact that it is time consuming to measure adhesion 
forces with many particles since each particle has to be attached to a cantilever and 
the spring constant needs to be determined. 

Adhesion forces measured were lower than expected from equation (1) or (2). For 
polystyrene surface energies around 40 mJ/m? are reported [39-42]. Hence, we 
expected adhesion forces of 0.8 uN for R = 2 wm. For clean gold surface energies 
are above 1000 mJ/m? [43, 44]. Under ambient conditions this is reduced by at least 
an order of magnitude [45] and the surface energy is of the order of 100 mJ/m/? [46]. 

These two observations — the scatter in adhesion force and the low average 
adhesion force — can be explained in terms of surface roughness. Surface 
roughness decreases the actual area of contact and, as a consequence, the adhesion 
is not as high as expected from equation (1) or (2) [23, 27, 47]. To estimate surface 
roughness several particles were imaged with an AFM in contact mode. The surface 
roughness was of the order of rms = 3—5 nm for polystyrene (those that were melted 
onto the cantilever) and 6—15 nm for gold particles (Fig. 6). 

Compared to the results of other AFM studies our adhesion forces were relatively 
high (Table 1). One reason might be the small reduced radii. For small radii 
the influence of surface roughness is reduced. The adhesion force between gold 
particles is slightly lower than the adhesion force determined earlier with the 
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Table 1. 

Normalized adhesion force (adhesion force Fyq divided by the reduced radius R) for the interaction 
of polystyrene particles with different materials. Results were obtained with an AFM, or a bimorph 
surface forces apparatus (Measurement and Analysis of Surface Jnteraction Forces (MASIF)) 


R(um) Material Faq/R (N/m) Ref. 


8 Graphite/mica 0.0025 /0.0038 [23] 
6 Rigid elastomer 0.017 [53] 
27 Silica 0.04 [38] 
5 Steel 0.01—-0.015 [54] 
Liga Polystyrene 0.1 This 
work 
1000 Polystyrene 0.15 [42] 


centrifuge method [15, 16, 48, 49]. Instead of roughly 0.1 uN at a radius of 4 wm 
they measured +1 N at R = 5-15 ym. One possible explanation is the longer 
contact time of 1-24 h which is required when using the centrifuge method. 

It is also instructive to compare these results to adhesion forces determined earlier 
with silica particles. Adhesion forces between silica particles were only two or three 
times lower than expected from equation (1) or (2) [31]. In addition, adhesion forces 
varied only by a factor of two from particle to particle. Both observations probably 
reflect the smoothness of the silica surface; the roughness was rms ~ 0.2 nm as 
determined by AFM. 


3.3. Dependence of adhesion forces on external load 


Within the range of our experiments the adhesion force did not depend significantly 
on the externally applied load and this was valid for both polystyrene and gold 
particles for contact times of roughly 1 s. As one example, results obtained 
with six pairs of gold particles are shown in Fig. 7. For a better comparison the 
normalized forces (force divided by the reduced radius) are plotted. The range 
of loads accessible is limited by the spring constant of the cantilever used and by 
the fact that we avoided large deflections of the cantilever. Large deflections were 
avoided to reduce a lateral movement of the particles on top of each other which is 
inevitable at large deflections. The deflection was always kept below roughly 2% of 
the cantilever length (200 4m). Hence, we did not apply loads above +1 UN. 

That for loads up to 1 wN no change in the adhesion force was observed is 
in agreement with earlier reports. Only for much higher loads the adhesion 
force increased. Reitsma et al. observed a 50% increase in the adhesion force 
between a polystyrene particle and a flat silica surface when applying loads up to 
95 WN [38]. 

An increase in the adhesion force with load is usually interpreted as resulting from 
plastic or viscoelastic deformation. Plastic deformations can be estimated based 
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Figure 7. Normalized adhesion forces (Fyg/R) vs the normalized applied load (load/ R) measured 
for a gold particle on the cantilever with respect to six gold particles on the sample. In this case the 
reduced radius ranged from 0.86 to 9.3 um. 


on Maugis—Pollock theory [46]. According to their analysis, the load at which 
elasto-plastic deformation is induced (Fp) and the load for the onset of full plastic 
deformation (Fj) are given as [46]: 


R?y3 
Fey = 118 oa (3) 
R?y3 
Fy = 33900 Br (4) 


where, Y is the yield strength, K the modulus of compression, and E is the elastic 
modulus. For gold these values are Y + 400 MPa, K = 180 GPa, and E = 80 GPa. 
For polystyrene the material properties are Y = 10.8 MPa, K = 4 GPa, and 
E = 2.6 GPa [50]. For our particles with typically R = 2 4m we obtain Fey ~ 1 uN 
and Fy, *~ 1 mN for gold and F., © 40 nN and Fip © 25 uN for polystyrene. 
Thus, at least for polystyrene some contribution of elasto-plastic contact was to be 
expected. We have no explanation why no indication for plastic deformation was 
found in these experiments. 

In addition, we take into account that due to surface roughness a plastic deforma- 
tion at single asperities might occur. The radius of an asperity can be much smaller 
than the radius of the whole sphere. In fact, Quon et al, measured the adhesion 
force between a gold coated mica surface and bare mica with the surface forces ap- 
paratus [51]. With increasing load they indeed found an increasing adhesion force 
caused by a reduction of the surface roughness of the gold and hence a larger con- 
tact area. They, however, used higher normalized loads than applied in our study. 
Using equation (4) we can calculate the maximal radius of curvature of an asperity 
which is expected to deform plastically under a certain load, say 200 nN. For gold 
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this radius of curvature is 24 nm. Thus, even for gold a plastic deformation cannot 
be excluded if contact is established via a single asperity of R < 24 nm. 

Still, in our experiments plastic or viscoelastic deformation was probably negligi- 
ble because the adhesion force did not increase after the first contact and it did not 
depend on the applied load. 


3.4, Dependence of adhesion force on contact time 


The influence of the contact time on the adhesion forces at constant load was studied 
in a range of 1 to 100 s. Despite the large scatter in the results (Fig. 8a) a general 
increase in the adhesion force with contact time was observed. Increasing the 
contact time from 1 to 100 s leads to an increase of the average adhesion force 
by roughly 30% for both gold and polystyrene. 

The time span of 100 s is too short for all processes summarized as ‘time 
consolidation’ which lead to the formation of solid bridges between particles [52]. 
Further, for gold plastic deformation or viscoelastic processes are highly unlikely. 
Thus we believe that the increase in the adhesion force with time at constant load 
reflects a thinning of surface films. Gold surfaces are usually coated with a layer 
of organic contamination, unless prepared and kept in UHV. This surface layer 
drastically reduces the surface energy of gold and, as a consequence, the adhesion. 
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Figure 8. (a) Representative example of the adhesion force versus contact time for six pairs of gold 
particles. (b) Mean adhesion force versus the contact time averaged over all experiments. The load 
was roughly 50 nN in all experiments. 
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When two gold surfaces are pressed together the film is squeezed out of the gap and 
the adhesion increases. 

For polystyrene, viscoelastic processes might be responsible for the increase in 
adhesion force with time; though we did not observe a dependence of the adhesion 
force on load. The calculations using equation (3) indicate that such a deformation is 
expected. The increase in the adhesion force with time is similar to the one observed 
with gold. This might indicate that the same process is also responsible and we 
believe that also for polystyrene surface films influence the adhesion significantly. 
More elaborate studies covering a longer time span and higher loads are necessary 
to be able to discriminate between viscoelastic processes or a possible effect of a 
surface layer. 


4. CONCLUSIONS 


Dry adhesion between small particles is much lower than predicted from JKR and 
DMT theories. Surface roughness, heterogeneity, and surface films reduce the 
adhesion force and also cause a wide scatter in adhesion forces between different 
pairs of particles. The adhesion force between polystyrene particles and between 
gold particles does not depend on the load as long as the load is comparable to the 
adhesion force itself. It does not change from first to subsequent contacts; hence, a 
plastic deformation is probably negligible. The adhesion force does increase with 
time over a time span of 1-100 s. We believe this is due to a thinning of the surface 
films between the particles. 
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Abstract—Adhesion forces between individual micrometer-sized carbonyl iron powder (CIP) parti- 
cles were measured with an atomic force microscope (AFM) using the colloid probe technique. The 
effective normalized adhesion force Fagn/R was 14+ 10 mN/m (R is the reduced radius of two par- 
ticles), which is much smaller than expected from the surface energy of iron oxide. This is mainly 
due to the pronounced surface roughness of the particles. The spatial variation of adhesion and the 
influence of surface contamination could be visualized from the adhesion maps of the particle surface 
using the force volume AFM mode. Adhesion between CIP particles and a silicon surface increased 
by 160% when increasing the external load from 21 to 204 wN and remained high afterwards, indi- 
cating plastic deformation of the particles. Residual magnetization after exposure of the particles to a 
magnetic field of 0.8 T did not influence the adhesion force. 


Keywords: Adhesion; carbonyl iron powder; atomic force microscope; colloid probe; magnetization. 


1. INTRODUCTION 


The behavior of highly dispersive powders is governed by the surface forces 
between individual particles. For a fundamental understanding of the handling 
and processing of such powders, studying the individual particle interaction is a 
prerequisite. A classical method to study the interaction of fine particles with 
surfaces is the centrifuge technique [1-6]. Here, the centrifugal force required 
to detach a particle from a surface is determined. Usually the detachment force 
for many particles is recorded in a single experiment, yielding statistics on the 
distribution of adhesion forces. The maximum rotational speed achievable in an 
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ultracentrifuge is dictated by the material strength of the rotor. This leads to the 
limitation that only particles larger than a few micrometers can be detached. 

With the invention of the atomic force microscope (AFM) in 1986 [7] and the 
introduction of the so-called ‘colloid probe’ technique [8, 9], a direct measurement 
of interaction between individual micrometer-sized particles became possible. The 
advantage of this method is that it allows studying the adhesion of a specific particle 
with a surface or another particle. The surface of this particle can be examined, e.g. 
by SEM, after the experiment. Particle sizes in the range of 1-50 xm can be studied; 
the lower limit is given by the fact that the particles have to be mounted under optical 
control, the upper limit is given by the size of the cantilevers. Therefore, the colloid 
probe technique has become a well established tool for studying particle adhesion 
and particle—particle interaction [10]. 

The iron particles used in this study were from carbonyl iron powder (CIP). 
The prefix ‘carbonyl’ is due only to the production process of this powder by 
thermal decomposition of iron pentacarbonyl to pure iron (with a thin iron oxide 
layer at the surface) and is not related to the composition of the final product. 
The decomposition process generates spherical particles by formation of shell- 
like layers around the nuclei. Carbonyl iron powders have found a broad range 
of applications in industry in electronic components (e.g., for plastic encapsulated 
inductor cores); for production of magnetorheological fluids, magnetic inks and 
toners; as supplements for food and pharmaceuticals; and for metal injection 
molding (MIM) and powder metallurgy. 


2. MATERIALS AND METHODS 


The carbonyl iron powders used in this study were CIP EL (dsp = 6 wm), CIP 
HQ (dso = 1.1 um, used for electric components) and CIP OM (ds) = 4 um, 
used for MIM) manufactured by BASF (Ludwigshafen, Germany). According to 
the manufacturer the three powders differ in their mean particle size (characterized 
by the median ds, of the particle diameters) and width of the size distribution. In 
our study, individual particles were used and their sizes measured. The use of the 
different powders offered us a wider range of particle sizes. Figure 1 is a scanning 
electron micrograph of the CIP particles. It shows a reasonably spherical shape and 
a pronounced surface roughness of the particles. 

The particles were glued onto tipless cantilevers using a small amount of epoxy 
resin (Epikote 1004, Shell) by means of a micromanipulator (model MMO 203, 
Narishige, Japan) under an optical microscope. Particles were deposited on a glass 
slide placed on a heating stage. A small amount of resin was placed near the 
particles. After heating the stage above the melting temperature of the resin a 
small amount of glue was taken up by touching the molten resin with the end of 
a tipless AFM cantilever. The selected particle could be picked up with the resin- 
coated end of the cantilever by gently touching it from above. We used two types of 
cantilevers: polycrystalline silicon cantilevers that were designed and manufactured 
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Figure 1. SEM image of CIP particles. Particles are reasonably spherical but have a pronounced 


surface roughness and a broad size distribution. For our study the size distribution was not critical 
since we measured the diameter of each particle used by SEM. 


at the Institute for Microtechnology Mainz (IMM) and silicon cantilevers from 
Mikromasch (Tallinn, Estonia). Spring constants were determined with a reference 
cantilever as described before [11]. The reference cantilever itself was calibrated 
with a method described by Sader et a/. [12]. Measured spring constants ranged 
between 0.0015 and 0.0224 N/m for the IMM cantilevers and between 3.8 N/m and 
18.6 N/m for the Mikromasch cantilevers. 

To measure particle-particle interaction, a set of CIP particles were mounted on a 
glass slide. The glass slide was covered with a thin (<0.5 mm) film of the Epikote 
epoxy resin. The particles were arranged on this glass slide individually by picking 
them up with an AFM cantilever (just using the adhesion between the particle and 
cantilever) and depositing them at defined positions close to a mark in the epoxy 
film. The slide was heated to 80°C for 30 min to sinter the particles to the resin 
layer. By this procedure we were later able to find again each individual particle in 
the SEM to check its shape and measure its radius. 

The silicon wafer (Si-mat, Landsberg, Germany) used for the measurements of 
the load dependence of adhesion forces was cleaned by sonication in ethanol and 
ultrapure water (MilliQ water filtration system, Millipore, Schwalbach, Germany). 

The relative humidity in the laboratory was controlled to 35-40%. It has 
been shown that below this level of humidity, meniscus forces do not contribute 
significantly to the adhesion between the particles [13, 14]. 

All particles were inspected by scanning electron microscopy (LEO Gemini 1530) 
after the experiments to measure individual radii. The microscope was operated 
at a voltage of 1 or 3 kV so that it was not necessary to coat the samples with a 
conductive layer. 
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Force versus distance profiles (‘force curves’) were recorded as described earlier 
[10] at approach speeds of typically 3 wm/s. Self-written software was used to 
convert the recorded detector signal versus piezo position profiles to force versus 
distance curves and extract the adhesion forces. Force curves for individual particles 
were recorded using a Bioscope AFM (Veeco, Santa Barbara, CA, USA) that 
allowed a fast alignment of the particles under the control of the inverted optical 
microscope which is part of the instrument. Force curves between CIP particles 
and a silicon surface were recorded using our custom-made Particle Interaction 
Apparatus [11]. One advantage of this instrument compared to the commercial 
AFMs is the higher dynamic range which allows us to apply larger forces. 

AFM images of particle surfaces and force volume measurements were carried out 
with a Multimode AFM (Veeco) and a Nanowizard AFM (JPK Instruments, Berlin, 
Germany) using contact mode silicon AFM probes with a tip radius of <10 nm 
(according to the manufacturer’s data sheet) and a measured spring constant of 
0.27 N/m (type CONT-W from Nanosensors, NanoAndMore, Wetzlar, Germany). 
AFM probes were treated in an argon plasma (Harrick PDC-002 Plasma Cleaner) 
for 1 min before use. For the Force Volume measurements, the JPK Nanowizard 
AFM allowed a higher resolution (64 x 64 force curves per image, 1024 points per 
curve) compared to the Multimode (32 x 32, 256 points per curve) AFM. 


3, RESULTS 
3.1, Dependence of adhesion on particle radius 


For spherical particles, the classical theories of contact mechanics such as the theory 
of Johnson, Kendall and Roberts (JKR) [15] or Derjaguin, Muller and Toporov 
(DMT) [16] predict a linear increase of the adhesion force Fag with the reduced 
radius R: 

R,-R> 

R, + R2’ 

where y is the surface energy of the particle material and R,; and R> are the radii of 
the two particles. The proportionality factor ‘const’ is 37 for the JKR theory and 
4x for the DMT theory. The DMT model is usually applied for harder materials, 
whereas the JKR model is used for the limiting case of softer materials. 

Adhesion forces were measured for reduced radii R between 0.16 wm and 
1.13 wm (Fig. 2). The maximum applied load was 20-40 nN and contact times 
ranged from 0.15 to 0.40 s. Adhesion showed a tendency to increase with increasing 
value of R, but the scatter in the data was too large to verify the linear dependence. 
The mean normalized adhesion force Fg,/R had a value of 14 + 10 mN/m. 


Figh = const-y-R with R= 


3.2. Influence of load on adhesion 


To study the load dependence of the adhesion force, particles were mounted on 
stiffer cantilevers to significantly increase the accessible range of loading forces. 
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Figure 2. Dependence of the adhesion force Faq, between individual CIP particles on the reduced 
radius R = (R; - R2)/(R, + R2). Single data points are the mean of at least 5 force measurements 
between each individual pair of particles. The mean normalized adhesion force Fagyh/R was 
14+ 10 mN/m. 


A clean silicon wafer was used as a flat substrate. This avoids the complication of 
aligning the two particles under the optical microscope and serves as a reference 
surface with minimum roughness. In Fig. 3 the dependence of adhesion force 
on loading force is plotted for two different particles which were mounted on 
cantilevers with spring constants of 3.8 N/m (left) and 18.6 N/m (right), respectively. 
In each of the six plots a series of adhesion force measurements at the same spot 
on the silicon wafer are shown where the load was first increased (full squares) 
and then decreased (open circles). Data in the plots denoted with A are from the 
first series of force curves with the corresponding particle, plots B and C are from 
consecutive series taken at other spots on the silicon wafer. For the softer cantilever, 
an increase of about 50% in adhesion is observed (plot A, left) when the loading 
force is increased from 2.5 to 43 4N and this increased adhesion level remains even 
when the loading force is reduced again. In the subsequent series (plots B and C, 
left) the adhesion does not change any more. For the stiffer cantilever, that allowed 
higher loading forces, adhesion increased by about 160% during the first cycle when 
increasing the loading force from 21 to 204 uN (plot A, right). For the third series 
(plot C, right) no significant change in adhesion with load is observed and the value 
is about the same as the maximum reached during the first series. The second series 
(plot B, right) with this particle shows strong fluctuations which may indicate a 
surface irregularity at this spot. 
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Figure 3. Normalized adhesion force F/R between CIP particles and a silicon wafer versus applied 
load for two different particles. Plots A show the first cycle for each particle, where the load was 
increased stepwise to the maximum value and then decreased stepwise. The maximum applied load 
was limited by the spring constant of the cantilevers (3.8 and 18.6 N/m). An increase of the loading 
force from 2.5 to 43 uN for the first particle (left, R = 3.0 zm) lead to increase in adhesion of 50%. 
For the second particle (right, R = 8.3 4m) adhesion increased by 160% when the load was increased 
from 21 uN to 204 uN. In subsequent cycles B and C, the load had no significant influence on the 
adhesion force, indicating plastic deformation of the particle. 


3.3. Distribution of adhesion forces 


The observed variations of adhesion forces may be due to local variations in surface 
topography as well as in chemical composition of the surface. To gain more insight 
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Figure 4. AFM height image (left) and adhesion map (right) of a CIP particle. A silicon AFM tip 
with a nominal radius of approx. 10 nm was used to image the particle and measure the adhesion on 
the same area. The arrows indicate the same spot in the two images (the offset between the two images 
is due to thermal drift during acquisition time of 3 h), where possibly a contamination is adsorbed that 
exhibits lower adhesion. 


in the cause for the variations, we used the so-called ‘force volume’ mode. In this 
mode a surface area is scanned with the AFM tip and force—distance curves are 
taken in equidistant points on the surface [17, 18]. To analyze the 4096 force curves 
(from a raster of 64 x 64 points) from such a scan efficiently, self-written Lab View 
software was used that automatically converts all curves, extracts the adhesion data 
and displays the result as a color-coded adhesion map of the surface. In Fig. 4 an 
example of such an adhesion map is given. On the left side, an AFM image of the 
topography of a CIP particle with a diameter of 2 4m is shown. On the right-hand 
side, the corresponding adhesion map is drawn. The arrow in each picture denotes 
a protrusion on the surface of the particle that is visible in the topography as well 
as in the adhesion image. The small lateral offset of this spot in the adhesion map 
is due to thermal drift of the instrument during data acquisition which takes almost 
3 h for one 64 x 64 map. An adhesion map was taken between two CIP powder 
particles (Fig. 5). The upper left-hand corner of the scan area consisted of the glue 
that was used to fix the particle. Only a small variation in the adhesion force is 
observed on this smooth substrate. In the remaining part of the adhesion force map 
that corresponds to particle—particle contact, a large variation in the adhesion force 
is observed. Figure 6 shows adhesion force histograms from the adhesion maps 
in Figs 4 and 5. The mean adhesion force between the particle and the AFM tip 
was 10.5 + 2.0 nN, whereas between the two particles a mean adhesion force of 
12.7 44.7 nN was obtained. 


3.4. Influence of magnetization on particle adhesion 


Magnetorheological (MR) fluids are suspensions of ferromagnetic or ferrimagnetic 
particles with sizes of some micrometers [19] (in contrast to ferrofluids, where 
ferromagnetic nanoparticles are used [20]). The viscosity of such suspensions can 
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be altered by an external magnetic field, making them attractive for applications 
such as a magnetic clutch or active damping elements [21-23]. With their high 
purity iron composition, CIP particles are especially well suited for this purpose 
due to their high saturation magnetization [24]. 

To check for a possible effect of the residual magnetization on the adhesion force 
we magnetized CIP particles outside the AFM by exposing them to the field of a 
permanent magnet of 0.8 T. The particle fixed to the surface was magnetized by 
exposing it to a magnetic field oriented perpendicular to the surface. The particle 
mounted on the cantilever was alternately magnetized in the same direction or in the 
opposite direction. Both particles were mounted in the AFM and 5 force—distance 
cycles were taken in one place. Then the relative lateral position of the two particles 
was slightly changed and again 5 cycles were conducted. This was repeated 10 
times to obtain enough statistics for the adhesion force. After that the particle on 
the cantilever was magnetized in the opposite direction and the same cycle of 5 x 10 
measurements was carried out. This was continued for three complete sets of the 
different orientations (parallel/antiparallel) of the magnetic field. Figure 7 shows 
the adhesion force between the two iron particles. Open symbols denote results 
for parallel orientation of the magnetization of the two spheres, full symbols denote 
results from antiparallel orientation. All values plotted are averages from five force— 
distance cycles and the error bars denote the corresponding standard deviations. 
The measured adhesion was equal for both orientations: total average adhesion 


20 nN 


Figure 5. Adhesion map (64 x 64 force curves) for the interaction between two carbonyl iron particles. 
The flat area in the upper left corner consists of cured epoxy glue used to mount the particles onto the 
surface. 
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forces were 11.7 + 6.5 nN for the parallel and 11.7 + 5.3 nN for the antiparallel 
magnetization. 


180 


Particle-AFM tip Mean adhesion force 
10.5 + 2.0 nN 
(N = 4096) 


160 


140 


120 


100 


Frequency 


0 z 4 6 8 10 12 14 16 18 20 
Adhesion force (nN) 


250 
Particle—particle Mean adhesion force 
12.7+4.7 nN 
(N = 4096) 


200 


50 


Adhesion force (nN) 


Figure 6. Histograms of the adhesion forces from the adhesion maps in Figs 4 and 5. 
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Figure 7. Adhesion force between an individual pair of CIP particles after temporary exposure to an 
external magnetic field of 0.8 T. Open symbols denote antiparalle] magnetization of the two particles, 
full symbols denote parallel orientation. The residual magnetization of the particles has no influence 
on the adhesion force. Each data point is an average of at least 5 force measurements. The mean 
adhesion forces (plotted as dashed and dotted horizontal lines that overlap) are 11.7 + 6.5 nN for the 
parallel and 11.7 + 5.3 nN for the antiparallel magnetization. 


4. DISCUSSION 
4.1. Adhesion forces and surface energy: influence of surface roughness 


Adhesion forces between iron particles have been measured for reduced radii 
between 0.16 ym and 1.13 wm. The scatter in the data in Fig. 2 was too large 
to confirm the linear dependence of adhesion force on reduced radius or for 
determining the surface energy of the iron powder. This is not a limitation of the 
method but is due to the natural variation of adhesion for individual particles within 
a powder sample. Therefore, adhesion of powder particles should be described by at 
least two parameters: ‘mean adhesion’ and ‘width of the distribution’. At this point 
one should also specify more clearly the term ‘surface energy’, since for a solid the 
creation of a new surface can be done either plastically or elastically. In the case of 
an adhesion force experiment, both effects contribute. Therefore, the surface energy 
obtained from adhesion experiments should be considered as an ‘effective’ surface 
energy that may be different from values obtained by other methods. 

Another problem in this type of experiments is the influence of surface roughness. 
Considering the pronounced surface roughness of the iron particles (as apparent 
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40 nm 


Figure 8. AFM height image of a CIP particle at a scan size of 500 x 500 nm?. The curvature of the 
sphere was subtracted from the height profile to better visualize the surface structure and determine 
the surface roughness. The surface exhibits a grain-like structure with typical grain diameters of 
10-25 nm. The RMS roughness for this particle was 17 nm. 


from Fig. 8) it is obvious that the true contact area between two iron particles can 
be very different from the value estimated from the JKR or DMT theory using the 
particle radius. Even for very smooth model systems (RMS roughness < 1 nm), 
effective surface energies only half as large as theoretically expected and with 
standard deviations > 25% have been obtained [14]. Experiments by other groups 
on adhesion of small particles of other materials commonly showed large scatter in 
the data and deviations from predicted surface energies [25-35]. Both effects were 
attributed to the roughness of the interacting surfaces. Rabinovich et al. [33, 34] 
have developed a model based on suggestions of Rumpf [36] that explicitly takes 
into account the surface roughness and predicts lower effective surface energies 
than the classical models. In our study, both probe and surface have the same 
pronounced roughness which should result in even larger deviations. The mean 
of the normalized adhesion values Fag,/R of 14 + 10 mN/m corresponds to very 
low surface energies of the order of 1.1 + 0.8 mJ/m” as calculated according to the 
DMT theory. A linear fit of the data in Fig. 2 that is forced through zero (dotted 
line) results in a slope of 10.5 + 0.5 mN/m, corresponding to a surface energy of 
0.84 + 0.04 mJ/m*. For clean metals, surface energies of 2000-2500 mJ/m? are 
reported [37, 38]. In our situation the particles are expected to be covered with an 
iron oxide layer and no metallic bonds will be formed during contact. Therefore, it 
should be more appropriate to calculate the contribution of the van der Waals forces 
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only. This can be done in good approximation using the equation [38]: 


A 


¥* Jan(o/2.5)2” 


where A is the Hamaker constant of the material and o is the interatomic distance at 
the surface. With A = 2.1 x 107! J for iron oxide [38] and an inter-atomic distance 
of approx. 0.2 nm, the resulting surface energy is of the order of 


A 2.1 1079 J 


95 min. 
2An(o/2.5)2 75.4 x 0.0064 nm? eee 


Y 
This is still roughly 500-times larger than our experimental values. RMS roughness 
values determined for 4 different particles from AFM images (after subtraction of 
the curvature of the particle surface) ranged from 8 to 17 nm on an area of 1 x 1 zm’. 
If we take a closer look at the CIP particle surface as imaged by AFM (Fig. 8), the 
surface reveals a grain-like structure with a grain diameter of typically 10-25 nm. 
Since the CIP particle will mainly contact these surface asperities during adhesion 
force measurements, values for the reduced radii could be as small as 2-25 nm. 
Using these much smaller contact radii, one calculates a mean value of the surface 
energy in the order of F/42 R = 14nN/4z x 13 nm = 85 mJ/m’. This is still much 
smaller than the theoretical value for iron oxide but in the range of typical values for 
lower energy surfaces. This might indicate the presence of a contamination layer 
at the surface or that impurities of the CIP particles (0.6-0.9% carbon, 0.6—-0.9% 
nitrogen, according to manufacturer’s data sheets) are concentrated at the surface. 
The assumption of such small contact areas is, however, not realistic since the 
contact pressures under such conditions will lead to plastic yielding of the surfaces, 
as we will see in the next section. Therefore, the value of 85 mJ/m? for the effective 
surface energy calculated before should be seen as an upper limit. 


4.2. Load dependence of adhesion 


The observed increase of adhesion force with applied load during the first cycle 
and only small changes in further cycles indicate that the particles undergo plastic 
deformation. A simple estimation of the contact pressure can be made using the 
Hertz model [39]. If two spheres made of materials with Young’s moduli FE, and 
E> and Poission ratios v; and v2 are pressed together with an external force Fy, the 
contact radius a is given by: 


»[3RF Li-vy 1-3 
a= ape Where 5, E, a ee 


The average contact pressure is then simply given by: 


F 
ma 


Payg = 
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With the Young’s modulus of 205 GPa, a Poisson ratio of 0.29 for iron [40], 130 GPa 
and 0.279 for a silicon <100> surface [41], an effective modulus of E* = 87 GPa 
is calculated. For values of R = 1 wm and F, = 50 uN, this results in a contact 
radius of a = 76 nm and an average contact pressure of Payg = 2.8 GPa. Since the 
yield stress of iron is below 350 MPa [40], plastic deformation will readily occur 
under these conditions. Since the yield stress of silicon is > 1 GPa [42], the particles 
are mainly expected to deform. This is strongly supported by the fact that after the 
particle adhesion has increased due to high load, adhesion force measurements at a 
different location on the wafer with low loads result in the same magnitude of the 
adhesion force. An analogous calculation can be done for the contact between two 
CIP powder particles. If we assume that the contact between the particles occurs 
at single asperities with a reduced radius of R = 10 nm and an adhesion force of 
Fign = 10 nN, we obtain a contact radius of a = 0.9 nm and a mean contact pressure 
of P = 4.2 GPa, which is much higher than the yield stress. Therefore, one expects 
the effective contact areas to be substantially larger due to plastic deformation. 


4.3, Distribution of adhesion values 


Quantitative adhesion maps of the surface of a CIP particle were obtained. This 
enables us to compare surface topography and adhesion and allows identification of 
inhomogeneities in surface composition. In Fig. 4 the comparison of topography 
and adhesion image (right) shows that the protrusion visible in the topography 
(arrow in the left image) exhibits lower adhesion values than the surrounding surface 
(arrow in the right image), indicating a different surface chemistry of this part of 
the surface. In Fig. 5 the upper left corner shows the adhesion between the CIP 
powder particle colloid probe and the epoxy glue around the opposing particle. The 
interaction of the particle with the smooth epoxy surface leads to a relatively small 
variation of adhesion. In the rest of this adhesion map, the adhesion between the 
particle mounted on the cantilever and the particle fixed to the surface have been 
recorded. Here the variation is much higher due to the interaction of the two rough 
particle surfaces. 

It is striking that the absolute value of the adhesion force measured with an 
AFM tip (nominal tip radius of approx. 10 nm) is nearly of the same magnitude 
as adhesion force between the particles with approx. 1 «wm radius. This further 
supports the idea that the rough, grainy surface structure of the particles is 
responsible for the small adhesion forces between the particles. 

The distribution of adhesion forces between the particle and the AFM tip shows 
a single peak. The adhesion force between the two particles showed a bimodal 
distribution (the third peak at approx. 12 nN arises from the adhesion between 
the particle and the glue in the upper left corner). This is in agreement with 
the expected influence of surface roughness on adhesion distribution [35]. The 
interaction geometry for such a force volume experiment between two particles is 
expected to change as the colloid probe moves from the glue onto the edge of the 
lower particle and across to its centre. Interestingly, this seems to have a pronounced 
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effect only at the points where the colloid probe is moving from the glue onto the 
particle and probably has contact with both surfaces at the same time, creating a 
bright rim (indicating higher adhesion) in the adhesion map. For the other parts of 
the particle, the variations seem to be dominated by local surface roughness rather 
than by overall particle curvature. 


4.4, Influence of magnetization on adhesion 


For high purity iron particles it is expected that the residual magnetization should 
be small due to the low magnetic coercivity of the material. However, Geng and 
Phulé [43] found that the coercivity of CIP particles could be up to 30-times higher 
than the bulk value. A possible reason is the presence of defects and impurities in 
the particles. Therefore, an influence of the residual magnetization on the adhesion 
could be envisioned. From our results (Fig. 7) we can conclude that the residual 
magnetization is too small to have a significant influence on the adhesion between 
the CIP particles. 


5. CONCLUSIONS 


Adhesion forces between individual micrometer-sized CIP particles showed strong 
fluctuations due to the pronounced surface roughness (RMS roughness of 17 nm 
on an area of 0.5 x 0.5 wm’). The mean normalized adhesion force Fyan/R 
was 14+ 10 mN/m. From estimations of the contact pressure and the measured 
load dependence of the adhesion force we can speculate that plastic deformation 
occurred at the contact point. The residual magnetization of the particles after 
exposure to a magnetic field of 0.8 T was too small to have an influence on the 
adhesion force. 
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Adhesion of rough surfaces with plastic deformation 
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Abstract—Adhesion is attractive and has a close relation to many modern problems of contacts 
between plastically deformable surfaces on the micro/nano-scale (such as microelectromechanical 
systems (MEMS) and nanotechnology). In the present paper a theoretical model is developed to 
obtain a better understanding of the adhesion of rough surfaces with plastic deformation. The 
present research goes beyond the Gaussian and exponential distributions of microasperity heights 
by introducing the description of self-affine fractal surfaces. General expressions for real contact area, 
total load and required separation force are derived. Two new dimensionless parameters are derived, 
which are used in further analysis of adhesion together with the existing roughness exponent and 
plastic adhesion index, giving a quantitative understanding about adhesion with plastic deformation 
and the relevant phenomenon. 


Keywords: Adhesion; plastic deformation; self-affine fractal surface; surface roughness; distribution 
of microasperity heights. 


NOMENCLATURE 

A, actual contact area 

A, real area of contact per unit area 

a’ contact radius of an individual microasperity 

Ap contact radius during plastic loading 

d separation between the mean plane and the flat surface during 
loading 

E Young’s modulus 

E* effective modulus 

H hardness of material 
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number of asperities per unit area of rough surface 

number of asperities per unit area that are able to make contact 
force that pressed surfaces together 

load per unit area to compress the microasperities 

adhesion force, also separation force 

adhesion force per unit area 

equivalent radius of smooth sphere 

radius of a perfectly plastic hemispherical tip 

radius of curvature of an asperity 

energy absorbed in plastic deformation of a perfectly plastic 
hemispherical tip 

work done by the applied load 

contribution due to work of adhesion 

total energy of system 

yield stress of material 

peak height above the mean line 

roughness exponent 

gamma function, C(x) = i er —lde 

incomplete gamma function, (x, d) = f° e ‘tr! dt 

Dupré adhesion or work of adhesion 

surface energy of material 

interface energy of contacting materials 1 and 2 

vertical displacement of a perfectly plastic hemispherical tip 
length scale for the Gaussian distributed rough surface 

length scale of the fractal surface 

ratio of the separation between the mean plane and the flat 
surface during loading to the standard deviation of the peak 
heights 

adhesion parameter for Gaussian distributed rough surface 
generalized adhesion parameter for a self-affine fractal surface 
plastic adhesion index 

ratio of the work of adhesion to the product of the standard 
deviation of the peak heights and the hardness 

Poisson’s ratio 

correlation length of the self-affine fractal surface parallel to the 
surface 


standard deviation of peak heights 
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1. INTRODUCTION 


The interaction between deformable solids, which is derived from physical attrac- 
tive and repulsive forces, has a close relevance to contact problem, friction and 
wear of contacting surfaces [1, 2]. Larger-scale systems are more influenced by in- 
ertia effects, while smaller-scale systems are more influenced by surface effects. In 
microelectromechanical systems (MEMS) and nanotechnology fields, the adhesion 
becomes more significant [3]. Developing a sophisticated understanding of adhe- 
sion between solid—solid surfaces will help controlling processes such as bonding 
and debonding [4] that are essential to fabrication of MEMS. It has been known for 
a long time that the surface roughness is very important in determining the interac- 
tion force between the contacting surfaces. Since the actual contacting surfaces are 
rough, the effect of the roughness will lead to the scenario that the actual contact 
area occurs at the peaks of the inevitable surface irregularities where the local con- 
tact pressure is very high. Furthermore, the details of the distribution of asperities 
can also affect the adhesion. 

Greenwood and Williamson, assuming the asperity heights distribution to be 
Gaussian, discovered that many important properties of the contact were almost 
independent of the details of the local asperity behavior [5]. A dimensionless para- 
meter, plasticity index, was proposed in Ref. [5] to predict the plastic deformation 
of asperities. Johnson et al. [6] studied the adhesion between two elastic spheres 
with radii R,; and R2, and concluded that the adhesion force or force required to 
separate the bodies Pag, was independent of both the applied load and the elastic 
constants of the materials, i.e. 


3 
Pag = —atAyR, (1) 


where R = R, Ro /(R; + R2) is the equivalent radius, and Ay = 7, + y2 — yj2 is the 
Dupré adhesion or work of adhesion, with 7, and y2 being the surface energies of 
the two spheres and y)2 being the interface energy. It should be noted that there is no 
consistent term for Pag in equation (1) in the literature, separation force and pull-off 
force are also used [7]. Subsequently, Fuller and Tabor [8] investigated the effect of 
surface roughness with Gaussian distribution on the adhesion of elastic solids and 
introduced an adhesion parameter @ given by 

Pes 

=a (2) 

ra’ Ay 
where E is Young’s modulus, o the standard deviation of the peak heights and r, 
the radius of curvature of an asperity. This dimensionless parameter represents the 
relative importance of surface roughness and adhesion, and is the ratio between 
the elastic energy and the work of adhesion, assuming that complete contact has 
occurred. When @ > 1 only partial contact occurs, where the elastic solids make 
contact only at the tops of the highest asperities, while a complete contact occurs 
when é < 1. 
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It was during the 1950s that experiments showed plastic deformation of particles 
caused by adhesion forces [9]. Krupp [10] originally proposed that the adhesion 
forces could rise to such large values that they would exceed the elastic limit of 
the material and induce irreversible, plastic flow. Experiments on gold spheres 
were catried out and showed that only small particles exhibited plastic deformation 
due to adhesion force. Easterling and Tholen [11] and Tholen [12] showed 
plastic deformation in electron micrographs of metal particles sticking together. 
They observed dislocations and plastic twins emanating from the highly stressed 
contact region. Scanning electron microscope (SEM) studies were performed on 
polystyrene spheres sitting on polished silicon surfaces by Rimai et al. [13], and 
plastic deformation was observed due to adhesion forces. 

Johnson [14] derived both elastic adhesion index and plastic adhesion index. The 
latter is given as 


w*H‘*r,o 
a. 
8Ay2E*2 
where Z is the material hardness, and 


l—-ve l—v2\7! 
Ey E 


is the effective modulus, where £2 and v;,.. are Young’s moduli and Poisson’s 
ratios of the two bodies, respectively. According to the von Mises flow rule, the 
hardness, H, is related to yield stress, Y, by the Tabor relation [15]: H = 3Y. Also, 
Johnson investigated the adhesion problem for both elastic and plastic deformations 
assuming an exponential distribution of asperity heights. For plastic deformation, 
the ratio of the force that separated the surfaces, Pq, to the force that pressed them 
together, P, was obtained as 


Pag 1+A 1 
ee | cee 4 
Pp = 1 exo( ;) (4) 


With the same assumed heights distribution Chowdhury and Pollock [16] studied 
adhesion between metal surfaces with plastic deformation. Considering multi- 
asperities, the total real area of contact per unit area is given as 


Al = 2rnr,0, (5) 


(3) 


where n denotes the number of asperities per unit contact area. And the adhesion 
coefficient or ratio of total adhesion force to the total compression force is expressed 


as 
Pag 1 in 1+A ae 
= aml ng exp( )f 


For plastic adhesion index A > 2, very small adhesion is predicted [14]. 
Recently, considering the influence of the microstructure of self-affine fractal 
surfaces, Chow studied the adhesion between elastic deformable fractal surfaces 
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[17, 18]. Persson studied the contact mechanics between solids on all roughness 
length scales, discussed the relation of adhesion parameter to different roughness 
length scales [19, 20] and derived the generalized adhesion parameter 6, for a self- 


affine fractal surface as 
2a-1 
be ) 
Oy = O| — ; (7) 
( g 


where 6 and ¢ are the adhesion parameter and length scale for the Gaussian- 
distributed rough surface, respectively, a is the dimension of the self-affine fractal 
surface and 0 < a < 1, é, is the length scale of the fractal surface. It should 
be noted that the generalized adhesion parameter in equation (7) is reduced to the 
adhesion parameter for Gaussian distribution in equation (2) when a = 1/2. It 
should be noted that the generalized adhesion parameter in equation (7) is valid for 
surface roughness on a wide distribution of length scales. 

Under ideal equilibrium conditions, the work of adhesion is considered to be a 
well-defined reversible thermodynamic quantity, i.e. the work done on bringing 
two unit areas of surfaces together and the work needed to separate two unit areas 
of surfaces from contact are the same. But under most realistic conditions there 
is adhesion hysteresis: the work needed to separate two unit areas of surfaces 
is always greater than that originally gained on bringing them together; in other 
words, the approach/separation cycles are thermodynamically irreversible [21] and, 
therefore, energy is dissipated. Adhesion contact with plastic deformation is one 
of the mechanisms of adhesion hysteresis [21, 22]. The research on adhesion in 
case of plastic deformation has been in the past mainly restricted to the Gaussian 
or exponential distribution of asperity heights. The present research studied the 
adhesion of rough surfaces with plastic deformation. Furthermore, the effects of 
relevant parameters, such as roughness exponent, plastic adhesion index and two 
new dimensionless terms introduced in this theoretical model are analyzed. 


2. PLASTIC DEFORMATION THEORY OF A SINGLE ASPERITY 


Contact happens between surfaces of two bodies when they are pressed together. 
When the applied load exceeds a critical value, an irreversible curve will be obtained 
in the loading—unloading experiment, which indicates that the applied load has 
compressed the microasperity plastically. When a perfect plastic contact due to 
adhesion is assumed, i.e. when a perfectly plastic hemispherical tip of radius r 
is pressed against a perfectly horizontal rigid plane, the vertical displacement 6 is 
given by the geometric relationship as [16]: 


a; ~ 2ré, (8) 


where ap represents the contact radius during plastic loading, and equation (8) 
holds provided that the change in contact geometry due to the material flow is 
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neglected [16]. The work done by the applied load, Up, is given as [16] 
U, = —P5. (9) 


The energy absorbed in plastic deformation, Ug, is given by 
5 
Ua = ma,H dé, (10) 
0 


and the contribution due to the work of adhesion is 
U, = —mapAy. (11) 
Thus the total energy of this system is obtained as 
U, = Up + Ug + Us. (12) 
Considering the energy equilibrium condition dU,/05 = 0, one has 
P =ma>H — 2nrAy. (13) 
Without the effect of work of adhesion, the applied load is 
P=na3H, (14) 


which is adopted in Johnson’s analysis of adhesion in case of perfectly plastic 
deformation [14]. Therefore, if a single area of contact is assumed, the contact 
size can be derived from the resistance measurements by varying the applied load 
[16], and values of both Ay and H can be derived from equation (13). 

During unloading, adhesion forces play an important role. Adhesion contact es- 
tablished during loading is capable of appreciable plastic extension before fracture, 
especially for materials with high modulus and low hardness. If we take into ac- 
count the condition that plastic deformation of the material during loading is fol- 
lowed by ductile extension of the contact, then a criterion for ductile extension is 
given by [14] 


Ay E* 
Ap 


H* <4 (15) 
Here it is assumed that the tip of microasperity will extend in a ductile manner when 
the contact pressure just exceeds the hardness H of the material during unloading. 
Generally, the softer the material, the greater the possibility of plastic extension 
before fracture [14]. 


3. THEORETICAL MODEL OF ADHESION OF ROUGH SURFACES WITH 
PLASTIC DEFORMATION 


A theoretical formulation of applied load by assuming a single area of contact was 
shown above, but in fact the real surfaces at the nano/micro-level are rough. The 
surface profile of single crystal silicon (8 wm x 8 wm) obtained using an atomic 
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force microscope (AFM) is shown in Fig. 1. Figure 1 shows that a multi-asperity 
structure at microscopic scale exists in the real surface. For simplicity and without 
loss of generality, we consider a randomly rough deformable surface and a perfectly 
rigid smooth surface in contact as depicted in Fig. 2 [23], where the separation 
between the mean plane and the flat surface during loading is d, the asperity peaks 
are assumed to have a radius of curvature r, and the peak height above the mean 
line is z. 

Fractals present a natural language for describing the scaling behavior of rough- 
ness on all length scales [18]. Self-affine fractals are invariant under an anisotropic 
dilation. A general distribution of microasperity heights derived from the descrip- 
tion of fractal surfaces is introduced into the present analysis of adhesion. The 
distribution of asperity heights is expressed as [17]: 


l/a 
W(z) = voexp| -e( =) } O<a<l, (16) 


Figure 1. Surface roughness profile of single crystal silicon (8 zm x 8 zm) obtained by an atomic 
force microscope (AFM). 


pz) 


Figure 2. Contact of a random rough deformable surface with a rigid plane. 
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where 


oo - = 1 
Y= le exp(—au'/ )u] = cola)’ (17) 


where I" is the gamma function and is defined as P(x) = ihe e't*—! dr, o is the 
standard deviation of the peak asperity heights and @ is the roughness exponent 
which can be calculated using digital data obtained from AFM [24]. For a given 
domain size of short-range surface profile, the smaller the exponent a, the rougher 
the local variation of the surface structure, and smoother hills and valleys are 
expected as w approaches | [25]. When a = 1/2, we obtain the Gaussian 
distribution function from the above two equations, and when a = 1, we obtain 
the exponential distribution function. The radius of curvature of asperities r, is 
given as [17]: 

ES = 2a (18) 

Va E 2 
where & is the correlation length of the self-affine fractal surface parallel to the 
surface. The vertical deformation 6 is defined as 


d6=72-d. (19) 


If the rough surface has N asperities per unit area, the number of asperities, n, per 
unit area that are able to make contact is given by 


n= vf W(z) dz = NI! (a) (a, a(d/o)'/*), (20) 
d 


where the two-argument gamma function I(x, d) is also called incomplete gamma 
function and is defined as T(x, d) = aa a e'r*-! dr. As shown by Archard [26], 
the quantities r,, 0 and N are not independent of each other but are related, i.e. 
r,zo N = constant. The value of this constant is between 0.05 and 0.1 [4]. 

The total real area of contact per unit area is given by [16] 


fo @) 
AL=N / na?W(z) dz, (21) 
d 
where a’ is the contact radius of an individual microasperity. Replacing the contact 


radius of a microasperity by (2r,6)'/* derived simply from geometric considerations 
and integrating the former expression, one has 


(22) 


l/a a 
A, = Innrgoa-*| eI) Mae =|. 


T(a,a(d/c)'/*) oo 


For a roughness exponent of 1, this equation is reduced to equation (5). Considering 
the microasperities that are deformed plastically at an applied load, the total load per 
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unit area to compress the microasperities is given by 
CO 
PS vf (wa? H ~ 2mr,Ay)W(z) dz. (23) 
d 


Similarly substituting the contact radius of a microasperity by (27,6)!/*, we have 
T(2e,a(d/o)/*) _ atd 
T(a,a(d/o)/*) oo 
Combining equation (24) with equation (22) gives 

HloP Qe, a(d/o)!/*) — ad (a, a(d/o)'/*)] — Aya®T (a, a(d/o)!/*) 


oT (2a, a(d/a)'/*) — da®T (a, a(d/o)'/*) 
(25) 


P= 2nnrsHoa*| — 2nnr,Ay. (24) 


P=A 


where A, is the actual contact area and P the real applied load. 

From equation (25) we make an interesting observation that the microasperities 
can be plastically deformed, even at zero load, when the following condition is 
satisfied: 

H{ol (2a, a(d/o)/*) — adP (a, a(d/o)'/*)| — Aya®T@,a(d/a)*) _ 

oT (2a, a(d/a)'/*) — da*T (a, a(d/a)'/) - 


2 
The above equation can be rewritten as follows: oe 
Ay = oD (2a, a(d/a)'/*) — wd (a, a(d/o)/*) (27) 
H aT (a, a(d/a)'/*) 
If the roughness exponent is taken as 1 (a = 1), viz., the distribution of 


microasperity heights conforms to exponential distribution, equations (24) and (27) 
can be rewritten as 


P! = 2nnr,o[H — (Ay/c)| (28) 
and 
A 
g=—, (29) 


which are the same as equations (12) and (14) in Ref. [16], respectively. 

The force required to separate the contacting surfaces during ductile extension, 
or the adhesion force, can be determined by considering those asperities that are 
plastically deformed in such an extension. Only those microasperities that satisfy 
the condition of ductile extension described as equation (15) would extend in a 
ductile manner. Considering the criterion of ductile extension, we can rewrite the 
condition of equation (15) as 8 < 6, = 8Ay*E*?/(2*r,H*). Then Johnson’s plastic 
adhesion index, 4, can be formulated as A = 0/3, which is the same as equation (3). 
The adhesion force per unit area is given by 


d+6a 
Pi,=N [- Ha? W(z) dz. (30) 


418 L. Zhang and Y.-P. Zhao 


And integration of the above equation yields 


d l/a d l/a 
P!,=2nnHra“ol! («. «(<) )[r (22. «(<) ) 

o a 

6, d\""\ ad d\'/* 

o Co a a 

ad &,  a\\/@ 
+ Tla,a{—+— ; (31) 
oO Oo oO 


4, DISCUSSION 


Considering the expressions derived above, in addition to the plastic adhesion index 
A and the roughness exponent a, there are two new dimensionless terms, Ay /(o H) 
and d/o, which play important roles in the adhesion of rough surfaces with plastic 
deformation. Therefore, two dimensionless parameters are introduced as 


_ Ay 
and 
=e (33) 
Oo 


where y is the ratio of the work of adhesion to the product of the standard 
deviation of the peak heights and the hardness. The larger the yz, the easier 
the plastic deformation becomes. The dimensionless parameter 7 is the ratio of 
the separation between the mean plane and the flat surface during loading to the 
standard deviation of the peak heights. Considering equations (27) and (29), one 
can see that 44 = 1 represents the condition of plastic deformation at zero load for 
exponential distribution of asperity heights. 
Using these dimensionless parameters, equation (22) is rewritten as 


A, aT Ga, anl/*) 
=a °° —_—_—_—__ — 
2nnr,o T(a@, an'/*) 


(34) 


The term on the left-hand side of the above equation is normalized by 27nr,o 
which is the actual contact area per unit area for exponential distribution of asperity 
heights. The influence of the parameters a and 7 on the dimensionless form of 
real contact area is shown in Fig. 3. Figure 3 illustrates that the real contact area 
is directly proportional to the roughness exponent, i.e. the rougher the surface, the 
smaller the real contact area. However, the actual contact area decreases with the 
increment of the parameter 7. 

Equation (24) is rewritten as 


P’ _gl a, an'/*) 


——_ = ———— -n-}, 35 
2nnr,0H 2 T(@, an!/2) oi >) 
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Roughness exponent (a) 


Figure 3. Variation of the dimensionless term A//27nrao with roughness exponent a for n = 0.8, 
1.0 and 1.2. 


and similarly the influence of a, 4 and n on the ratio P’/27nr,oH is shown in 
Fig. 4. The dimensionless load is directly proportional to the roughness exponent @; 
in addition, both smaller parameter 7 and smaller parameter jz correspond to a larger 
value of the dimensionless load. An interesting phenomenon is observed that the 
dimensionless load term becomes negative in a certain a range, for example, when 
a approaches zero, n equals 1.2 and yz equals 0.1. 

By using equation (32), equation (27) is rewritten as 


_g V (2, an!/*) 
T(a, an!/*) 


= uF (36) 
and the influence of a and 7 on the required condition of plastic deformation at zero 
load is shown in Fig. 5. One can see that the parameter y is directly proportional to 
the roughness exponent a, but it is inversely proportional to the parameter 7. When 
a = 1, the condition is the same as equation (29), i.e. 4 equals 1 and is independent 
of the parameter 7. The parameter y decreases with decreasing a. Fora < l,a 
smaller 7 corresponds to a larger pu. 

Considering equations (24) and (31), the ratio between the force to separate the 
contacting surfaces and the force that presses them together is expressed as 


Phy TQe,on!/*) — Pa, a(1/a + n)/%) — a nl (or, on /*) + oe Pa, (1/A + 0)!/%) 
Pt Ta, an'/*) — a nT (a, an/*) — war (a, anl/*) ; 


(37) 
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Figure 4. Variation of the dimensionless term P’/27nr,o H with roughness exponent a for various 
n and py. 
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Figure 5. Variation of ~ = Ay/(Ho) with roughness exponent a for 7 = 0.8, 1.0 and 1.2 which 
represents the condition for plastic deformation at zero load. 
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Figure 6. Variation of ratio of adhesion force to total load with plastic adhesion index 4 for n = 1.0 
and various @ and j. 


which is shown in Figs 6 and 7 as functions of the plastic adhesion index A for 
various a, 7 and yw. If the roughness exponent is taken as 1, equation (37) can 
be reduced to equation (6). These figures show that the ratio P/,/P’ is inversely 
proportional to both the plastic adhesion index 4 and to the roughness exponent a. 
The ratio is approximately constant when 4 is less than a limiting value which is 
sensitive to a. For example, this limiting value is about 0.25 for a = 0.7 and about 
0.75 for a = 0.3. Then it drops rapidly with increasing A. It is seen from Fig. 6 that 
for constant a, a larger jz corresponds to a larger P{,/P’ ratio. It is also seen from 
Fig. 7 that a larger n corresponds to a larger P’,/P’ ratio. An unusual phenomenon 
appears that the upper limit of the ratio P/,/P’ is more than unity. With the present 
assumption of perfectly plastic adhesion contact, the effect of the work of adhesion 
explains this behavior. 


5. CONCLUSIONS 


A theoretical model is developed to describe the adhesion between plastically- 
deformable fractal surfaces whose asperity heights conform to a general distribu- 
tion. General expressions for real contact area, total load and the required separa- 
tion force are obtained. In special cases, for a = 1/2, the results obtained in this 
study can be reduced to those of Gaussian distribution of surface asperities and for 
a@ = | they can be reduced to those of exponential distribution of surface asperities. 
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Figure 7. Variation of ratio of adhesion force to total load with plastic adhesion index A for u = 0.03 
and various @ and 7. 


The condition has been determined for interface plastic deformation due to the 
work of adhesion at zero external load for asperities with fractal distribution. For 
exponential distribution (a = 1), this condition reduces to 4 = 1, or equivalently 
o = Ay/H [16]. 

In addition to the roughness exponent @ and the plastic adhesion index A, two 
new dimensionless parameters, 7 = d/o and w = Ay/(o#), are derived. The 
influences of these dimensionless parameters on adhesion with plastic deformation 
are studied. 
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Deformation of soft colloidal probes during AFM pull-off 
force measurements: elimination of nano-roughness effects 


GARTH W. TORMOEN and JAROSLAW DRELICH * 


Department of Materials Science and Engineering, Michigan Technological University, Houghton, 
MI 49931, USA 


Abstract—The forces needed to remove polystyrene (PS) and polyethylene (PE) particles from 
silicon wafers were measured using the atomic force microscopy colloidal probe technique. The 
polymeric probes had surfaces with nano-sized asperities. The ability to deform these asperities and 
conform to the topography of the substrate surface allowed the soft probes to mitigate roughness 
effects on the measured pull-off forces. Adequate deformations for surface asperities on PS and PE 
probes that resulted in reproducible probe-substrate contact area required loads of approx. 0.8-4 pN. 
For these applied loads the standard deviation in measured pull-off forces was reduced to 0.5-2.7%. 


Keywords: Adhesion; atomic force microscopy; colloidal probe technique; deformable probes; pull- 
off forces; roughness. 


1, INTRODUCTION 


Atomic force microscopy (AFM) force measurements on soft materials require 
unique analytical approaches, as the adhesion force has been shown to strongly 
depend on the applied load [1-7]. For rigid materials, the compressive stress due 
to loading is typically kept below the yield strength of the probe material to keep 
all probe deformation elastic. Elastic deformation is recoverable immediately upon 
retraction of the AFM probe and, therefore, does not affect the final contact area 
between the probe and substrate. This condition does not hold for soft probes, 
typically made from polymeric materials, which may undergo viscoelastic and/or 
plastic deformation. Even light loads on soft probes, below those causing plastic 
deformation, show a heavy influence on the measured pull-off force. 

This paper focuses on utilizing the deformability of soft materials to overcome 
roughness effects on AFM force measurements. Based on the results reported earlier 
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[5-8], it is hypothesized, and studied in this paper, that under adequate loading 
conditions, surface asperities on the probe may be ‘squeezed-out’, and the probe 
may conform to substrate surface asperities to yield consistent, reproducible contact 
areas. 


2, EXPERIMENTAL 
2.1. Colloidal probes 


Two polystyrene (PS) probes, and one polyethylene (PE) probe were used in this 
study. The PS probes consisted of 10 + 1 wm diameter PS beads glued to regular 
v-frame ContactMode cantilevers (Digital Instruments, Santa Barbara, CA, USA) 
with a nominal spring constant (k) of 0.58 N/m. The PE probe consisted of a 
1442 um diameter bead glued to a stiffer v-frame (pre-calibrated) cantilever 
having a nominal k value of 17.0 N/m, and was provided by Bioforce Nanosciences 
(Ames, IA, USA), Spring constants provided by the suppliers of the cantilevers were 
used in analysis of the data, and no measurement to confirm the accuracy of claimed 
values was performed in this research. 

Polymeric probes used in our laboratory had rough surfaces with nano-sized 
asperities as shown in Fig. 1. The dimensions of these asperities can vary from 
several to a few tenths of nanometers. Such nano-roughness, the character of 
which may differ from one probe to another, is inherent to practically all polymeric 
colloidal probes as it cannot be eliminated or controlled during the fabrication 
processes of the particles. 

All probes were cleaned prior to testing by immersing in a bath of surfactant 
solution composed of approximately 10% by volume Micro 90 cleaning solution 
(International Products, Burlington, NJ, USA) in deionized water (15-18 MQ), for 
1 to 2 min (care must be taken when attempting to clean glued colloidal probes, as 


nm 


6500.0 


Figure 1. SEM micrograph (left) of a PS probe and AFM image (right) of a PE probe [9]. 
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they can be washed off of from the cantilever). The probes were then removed from 
the bath and either rinsed in a stream of deionized water for 60 s or immersed in a 
bath of deionized water and swirled for 1-2 min. Probes were allowed to air dry for 
2 min in a covered container prior to use. 


2.2. Substrates 


Substrates used in this research were pieces of silicon wafers obtained from either 
MEMS (St. Louis, MO, USA), or Polishing Corporation of America (Santa Clara, 
CA, USA), having either a ‘nano-rough’ or ‘smooth’ finish, respectively (Fig. 2). 
Substrate surfaces were ultrasonicated in a bath of Micro 90 surfactant solution for 
20 min, followed by another 20 min ultrasonification in a bath of deionized water. 
Silicon wafer samples were then inserted into a covered glass Petri dish, and placed 
in an oven at 105-120°C for 5 to 20 min. Substrates were allowed to cool in the 
covered Petri dish prior to experimentation. 


2.3, Adhesion force measurements 


The initial experiment with the PS probes involved measuring 100 force curves 
sequentially on a single spot. This was performed with a scan rate of 0.5 Hz 
in a sub-5% relative humidity (RH) environment using a Dimension 3000 AFM 
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Figure 2. Cross-sectional profiles of surface topography for silicon wafers with ‘nano-rough’ and 
‘smooth’ finishes. 
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(Digital Instruments). The purpose of this test was to see if the probe underwent any 
plastic deformation during normal experimentation conditions. If this occurred, the 
adhesion forces would increase over time. The second round of experiments with 
the PS probes involved measuring 60-200 force curves at 3-10 random locations 
(20 measurements on each spot) on the ‘smooth’ silicon surfaces. Experiments 
were performed in air with sub-5% RH levels, using a scan rate of 0.5 Hz. 

The PE probe was tested on both ‘smooth’ and ‘nano-rough’ substrates. Here, the 
loading conditions were varied between three regimes, referred to as low, mid and 
high. The loading conditions varied between regimes, but were kept approximately 
equal within the regimes. The purpose of this experiment was to see how the scatter 
in the data varied at different loading conditions on the same substrate. Ten random 
locations were chosen with 20 measurements recorded per spot for each loading 
regime. Measurements were performed in air with sub-7% RH levels at a scan rate 
of 0.5 Hz. 


3. RESULTS AND DISCUSSION 
3.1. Pull-off forces for PS probes 


Figure 3 shows a plot of pull-off force vs. measurement number for one of the 
PS probes, hereafter called PS probe 1. The maximum applied load used in 
this experiment was held virtually constant at 184.8 + 10.4 nN. As indicated by 
the results in Fig. 3, the scatter in the data for measurements taken at a single 
location is about 10%. Force measurement values were recorded between 302 and 
336 nN, with the average value and standard deviation equal to 314.5 + 8.0 nN. 
No characteristic trend was seen as the measurements were recorded sequentially. 
However, even in the small range of loads used (about 167 nN to 207 nN) a linear 
dependence in the measured force measurement on applied load is observed (Fig. 4). 


350 


330 
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Figure 3. Pull-off force vs. sequential measurement number for PS probe 1 on the ‘smooth’ silicon 
wafer. The trend line is included to guide the eye. 
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It appears from Figs 3 and 4 that the measured pull-off forces relied on the applied 
loads, but with no lasting effect between measurements. This is assumed to be 
indicative of viscoelastic deformation of the probe [10], and no permanent (plastic) 
deformation occurred for the PS probe. Applied loads and the adhesion energy 
between the probe and substrate were sufficient to maintain the expanded contact 
area induced by viscoelastic deformation, but this deformation was recovered once 
the probe was removed from the substrate, before the next measurement was made. 
However, plastic deformation of nano-irregularities, present on the probe, cannot be 
ruled out, particularly in view of the previous report [6]. The deformation of single 
asperities is discussed further in Section 3.4. 

Figure 5 shows how the pull-off force data vary during measurements on random 
spots for PS probe 1 on the ‘smooth’ silicon surface. The trend line in Fig. 5 is 
included only to show the consistency in the average force measured between spots 
on the ‘smooth’ substrate. 
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Figure 4. Pull-off force vs. load for PS probe | in a single location on the ‘smooth’ silicon wafer. 
The trend line is included to guide the eye. 
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Figure 5. Pull-off forces measured for PS probe 1 on three different spots on the ‘smooth’ silicon 
wafer. The trend line is included to guide the eye. 
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Figure 6. Histograms of force data for PS probe 1. 


Although only three locations were tested in this experiment, Fig. 5 indicates 
that using soft probes may yield very consistent force measurements between 
random locations on a surface, in contradiction to rigid probes discussed in another 
paper [11]. The mean force value from Fig. 5 is 328.6 + 11.9 nN at loads 
within 202.6 + 25.7 nN. To aid in comparing distributions between the single spot 
recordings (Fig. 3) and the random spot recordings (Fig. 5), histograms of the force 
data from each of these experiments are included in Fig. 6. 

The histograms in Fig. 6 indicate a tighter grouping of force data for the single 
location, with forces recorded between 302 and 336 nN (314.5 + 8.0 nN), a result 
that is consistent with previous observations [12]. For random locations, forces 
were recorded from 290 to 341 nN (328.6 + 11.9 nN). 

PS probe 2 was tested against the ‘smooth’ silicon wafer, measuring pull-off 
forces at 10 random locations. The maximum applied loads for this experiment 
ranged from 78 to 101 nN, with the average and standard deviation values of 
89.9 + 4.9 nN. Figure 7 shows the force data collected for PS probe 2 against the 
applied load. 

As shown in Fig. 7, even at small loads, a strong dependence of measured 
force on applied load is observed. The forces recorded for PS probe 2 were 
significantly weaker and more scattered (F = 88.6 + 17.2 nN) than for PS probe 1 
(F = 328.64 11.9 nN) at random locations. Presumably, this probe had a different 
number, size and distribution of nano-asperities in the probe’s apex area, where the 
contact with the substrate is established during the pull-off force measurements. It 
is also probable that the lower forces experienced by the probe were insufficient 
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Figure 7. Force vs. load for PS probe 2 on ‘smooth’ silicon wafer at 10 random locations. The trend 


line is included to guide the eye. 
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Figure 8. Force measured vs. spot number for PS probe 2 on ‘smooth’ silicon wafer. The trend line 
is included to guide the eye. 


to consistently squeeze out the probe surface’s asperities, and/or conform to the 
inherent asperities of the substrate surface. This would prevent intimate contact 
between the probe and substrate, accounting for the decrease in average force 
value. It would also explain the increased scatter, as random asperities contacted 
at different surface locations would yield random contact points, and effectively 
cause scatter in recorded force data. To support this hypothesis, Figs 8 and 9 show 
the variation in force data collected at random spots. 

Force values were recorded between 52 and 118 nN for all ten locations (Fig. 9). 
Figure 8 indicates no distinct trend in the force data at the different locations, but a 
significant, random variation is observed. For example, an average force of approx. 
60 nN was measured at spot #1, while spot #7 averaged approx. 115 nN. 

The average pull-off forces measured for PS probes 1 and 2 on ‘smooth’ silicon 
wafer were 328.6 + 11.9 and 88.6 + 17.2 nN, respectively. These force (F) values 
were used to calculate the work of adhesion (Wa) between polystyrene and silicon 
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using the JKR contact mechanics model [13, 14], 


o. ee 
~ 1.50R’ 
where R is the radius of the probe, approx. 5 wm. 


The JKR model is used here because of the large value for the Maugis number 
(A & 92) calculated by the following equation [15]: 


Wa (1) 


4. = 2.06 3, RepWa 
zg mK?’ 


where Zo is the equilibrium separation distance between the probe and substrate 
during adhesional contact (zo + 0.2 nm) and K is the reduced elastic modulus: 


1 3/1-vy 1-2 
gan | 
K i Ep e Es @) 


E denotes Young’s modulus and v is the Poisson’s ratio; subscripts P and S refer 
to probe and substrate, respectively. Because polystyrene is a much softer material 
than silicon wafer, equation (3) can be reduced to: 


4Ep 
3(1 — v2)’ 


For polystyrene K ~ 4 GPa [6]. The work of adhesion Wa = 200 mJ/m? was 
assumed for calculation of the A value using equation (2). The value of Wa = 
200 mJ/m? for the polyethylene-silicon system is reported in Section 3.2. Because 
of similar surface energy values for polystyrene (40-42 mJ/m?) and polyethylene 
(30-35 mJ/m?) [16], Wa for the polystyrene-silicon should be of similar magnitude 
as for the polyethylene-silicon, or somewhat larger. 

Based on the measured pull-off forces and using equation (1), the work of 
adhesion between polystyrene and a silicon wafer was calculated to be 14 and 
4 mJ/m? for PS probes 1 and 2, respectively. These values are at least an order 
of magnitude too small from expected values, and indicate strong surface roughness 
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Figure 9, Histogram of force data for PS probe 2 on ‘smooth’ silicon wafer. 
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effects in pull-off force measurements. In other words, the contact area between the 
probe and the substrate was smaller than expected for an approx. 10 wm sphere 
in adhesive contact with a flat substrate. Since fabrication of colloidal spheres 
and substrates that are free of roughness seems improbable for most materials, 
the effects of roughness during the AFM pull-off force measurements should be 
taken into account during interpretation of the results. This can be done through 
the use of appropriate theoretical models for systems with rough surfaces [14]. 
Another approach, which is a primary focus of this study, is elimination, or rather 
minimization, of the roughness effects through intentional deformation of surface 
asperities. In order to succeed with deformation of surface asperities, stiffer 
cantilevers (with higher spring constant) than used in this part of our study are 
required [5, 7, 8, 14]. 


3.2. Pull-off forces for PE probe 


The PE probe was pressed against both ‘smooth’ and ‘nano-rough’ silicon sub- 
strates. A plot of the recorded pull-off force data on the ‘nano-rough’ substrate is 
shown in Fig. 10. 

Figure 10 contains data from all three loading regimes. The loads varied from 
approx. 300 to approx. 2180 nN, in the low- and high-loading regimes, respectively. 
Figure 10 shows that at low loads, force data are widely scattered, varying from 
approx. 4100 to approx. 6800 nN, whereas the data are much more tightly grouped 
at the high loads, varying from approx. 6600 to approx. 7200 nN. Conceivably, as 
hypothesized for the PS probes, the low-loading regime did not supply an adequate 
compressive stress to either ‘squeeze-out’ the probe’s own asperities, or to conform 
to the surface asperites. 

To gain a more comprehensive understanding of the data scatter in the different 
loading regimes, Fig. 11 contains histograms of the force measured in each of 
the loading regimes with average values and their standard deviations: 497 + 95, 
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Figure 10. Plot of force data for PE probe on ‘nano-rough’ silicon substrate. Trend lines are included 
to demonstrate how the scatter in the pull-off forces diminishes with increasing maximum applied 
loads. 
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Figure 11. Histograms of measured force data for PE probe in different loading regimes. 


980 + 134 and 1792 + 183 nN for the low-, mid- and high-loading regimes, 
respectively. 

The forces recorded in the low-, mid- and high-loading regimes were 5974 + 838, 
6837 + 183 and 6931 + 180 nN, respectively (Fig. 11). The average pull-off force 
value increased with applied load, indicating deformation of the probe and increased 
contact area. This increase in pull-off force diminishes between the mid- and high- 
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Figure 12. Force data collected for PE probe on ‘smooth’ silicon wafer. Trend lines are included to 
demonstrate how the scatter in the pull-off forces diminishes with increasing maximum applied loads. 


loading regimes (Fig. 10). This was interpreted as ‘saturation’ of the contact area 
between the probe and surface, meaning that for the ‘nano-rough’ surface, the load 
required to squeeze-out the probe’s asperities as well as to conform to the asperities 
of the ‘nano-rough’ surface is sufficient in the mid-loading regime. The increase 
in force measured between the mid- and high-loading regimes can be explained 
as a result of further deformation outside the ‘saturated’ contact area, although 
the differences between these forces are nearly insignificant. The range of forces 
measured between these two regimes is indistinguishable. 

Force data collected from the same PE probe on the ‘smooth’ silicon substrate are 
shown in Fig. 12. Concurrent with the observations from the force measurements on 
‘nano-rough’ surfaces, as the loading regimes increase from low to high, the scatter 
in the data decreases. The loads for this experiment ranged from approx. 330 to 
approx. 3900 nN, with force values recorded between 6242 and 7141 nN. Figure 13 
contains individual histograms of the force measured in each of the loading regimes. 
The average applied loads were 580 + 198, 1871 + 186 and 3606 + 160 nN for 
these low-, mid- and high-loading regimes, respectively. The measured pull-off 
force values for three regimes were 6829 + 150, 6739+ 95 and 6840 + 46 nN, 
respectively. The average force value did not vary much between the regimes, 
indicating that squeezing out of the probe’s asperities occurred in all loading 
regimes, and an intimate contact between the probe and substrate was evident, even 
in the low-loading regime. As this substrate was as smooth as we could achieve in 
the laboratory, there were no significant surface asperities to conform to, and contact 
areas were almost consistent across all regimes, with reduction of data scatter as the 
loading increased. 

As shown in Figs 10 and 12, similar pull-off forces were measured in the 
mid- and high-loading regimes for ‘nano-rough’ substrate (6837 + 183 nN and 
6931 + 180 nN, respectively) and in low- to high-loading regimes for ‘smooth’ 
silicon surface (6804 + 117 nN). The proximity of these values, coupled with the 
knowledge that the same probe was used which underwent an identical cleaning 
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procedure, and the substrate was the same material but different surface roughness 
characteristic (Fig. 2), indicates that similar contact areas were achieved in the high- 
loading regime for both ‘nano-rough’ and ‘smooth’ substrates. This shows that 
the roughness effects on AFM pull-off force data, coming from both probe and 
substrate, may be eliminated by using soft probes and adequate loads. 
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Figure 13. Individual histograms of force data for different loading regimes for PE probe on smooth 
silicon wafer. 
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The work of adhesion between polyethylene and silicon wafer, calculated from 
the measured pull-off forces and using the JKR model (equation (1)), is Wa = 200- 
210 mJ/m?. Since no accurate measurements of both spring constant and probe size 
were made in this study, the Wa value should be treated as a crude estimate. 


3.3. Standard deviation for measured pull-off forces 


The results from the study with soft probes are displayed in Table 1. The ability 
to deform asperities on the probe surface, and conform to the asperities present on 
the substrate surface allowed soft probes to mitigate roughness effects. This idea 
is supported by the correlation between standard deviation for measured pull-off 
forces and applied maximum loads, as shown in Fig. 14. 

Figure 14 shows a marked decrease from 14 to 2.6 in the standard deviation 
(% SD) for the PE probe on the ‘nano-rough’ substrate as the applied load increased 
from approx. 500 to approx. 1000 nN. The reduced % SD holds steady for increased 
loads up to approx. 1800 nN, approx. 2.6—2.7% SD, indicating a saturated contact 
area. The % SD for the ‘nano-rough’ surface approaches the values obtained from 
the ‘smooth’ surface, which was shown to be as little as 0.5% SD at loads of about 


Table 1. 
Pull-off force data for soft probe systems 
Probe Radius Substrate Average load Pull-off force 
(em) surface (nN) (nN) 
PS1 approx. 5 Smooth 185 319.5 + 11.7 
PS2 approx. 5 Smooth 90 88.6 + 17.2 
PE approx. 7 Smooth 580 6829 + 150 
1870 6739 + 95 
3606 6840 + 46 
Nano-rough 497 5974 + 838 
980 6837 + 183 
1792 6931 + 180 
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Figure 14. Standard deviation for the measured pull-off force vs. maximum applied load for PE probe 
on substrates with different finishes. 
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3600 nN. It is doubtful that the rougher surface could ever match the smooth surface 
as sizes and shapes of surface roughness features on ‘nano-rough’ surface vary 
from location to location. The surface asperities present a myriad of true surface 
areas at different locations on a surface, and even saturated contact areas may differ 
slightly in magnitude for these surfaces. However, the results show a possible way 
to sufficiently mitigate roughness effects. For this to occur, adequate loads need to 
be applied. 


3.4, Analysis of asperity deformation 


3.4.1. Elastic (viscoelastic) deformation. It was speculated in Sections 3.1 and 
3.2 that at least some of the nano-sized asperities on a polymeric probe surface 
deform elastically to such a degree that the colloidal probe establishes its full 
contact area with the substrate during loading, without interference from the 
substrate surface roughness. The elastic deformation of the probe recovers soon 
after the probe-substrate contact is broken. However, the recovery of elastic 
deformation usually requires more time than the period from release of the applied 
load to the moment of detachment of the probe from the substrate is (this time 
in our experiments was estimated to be usually less than 10 ms). The delay in 
full recovery of the original probe shape is caused by viscoelastic properties for 
polymers (viscoelastic deformation exhibits the mechanical characteristics of elastic 
deformation coupled with viscous flow). 

It is possible to estimate the size of roughness irregularities, which can be 
squeezed out during the probe’s elastic deformation, using one of the contact 
mechanics models [14]. The JKR model [13] seems the most appropriate for the 
colloidal probes used in this study, see discussion in Section 3.1. According to 
the JKR model, the elastic deformation of the probe (6) can be calculated by the 


following equation [13]: 
a 2 /6maW,g 
oR a ae ] 
if R 
a= GLP + 32 RWa + VOnRWaP + (327 RWa)’]. (6) 


Figure 15 shows a dependence of 5 on P for two probes with R = 4 and 7 ym. 
Wa = 200 mJ/m? and K = 4 GPa were used in calculations, as per our discussion 
in Sections 3.1 and 3.2. 

As shown in Fig. 15, 6 changes from about 5 to 10 nm when the applied 
load increases from 0 to 4 UN. It is expected that all asperities present on the 
surface of the colloidal probe with a height equal or smaller than 6 would be 
squeezed out completely during deformation of the probe. Since most of the 
irregularities that have been observed on our polystyrene and polyethylene probes 
are several nanometers tall, they most likely are deformed during the pull-off force 


where: 
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Figure 15. Vertical deformation of the probe (6) with the radius R = 4 and 7 um under different 
loads P. The deformation was calculated using the JKR model assuming Wa = 200 mJ/m? and 
K =4GPa. 


Table 2. 
Mechanical properties of probes and critical loads for elasto-plastic (P.) and full plastic (Pp) 
deformations 


Probe R Y v E Pe Pp 
(um) (MPa) (GPa) (uN) (mN) 

PS 5.04 0.5 82.8-89.7* 0.38 2.8-3.5 71-87 39-78 

PE 70+ 1.0 6.9-14 0.49 0.14—0.28 23-86 5-30 


All values taken from Fried [18], except *, which is the compressive strength of the material [19]. 


measurements and, therefore, have no effect on contact area between the probe 
and the substrate. Some of these asperities can undergo a plastic deformation, as 
observed by Reitsma et al. [6]. 


3.4.2, Plastic Deformation. In this part of our discussion, we refer to an analysis 
by Maugis and Pollock [17], who indicated that the applied load for inducing elasto- 
plastic (P., term that refers to plastic deformation in peripheral zone of contact, 
which begins much earlier than full plastic deformation of materials) and full plastic 
deformation (Pp) of a probe with radius R could be calculated from the following 
equations: 


118R?Y3 
Pe. _ Ke (7) 
R?y> 
Pp = 10800 re (8) 


where Y is the material’s yield strength. 

To apply this analysis to our probes, Table 2 shows the material properties for PS 
and PE, along with the calculated P, and Pp values. Note that ranges of properties 
for polymers are expected, based upon different processing procedures resulting 
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Figure 16. Deformable asperity size vs. applied load for both probe materials. 


in different molecular weights. The specific properties of the probe polymers are 
not known, so the low and high limits for the ranges are used in calculations using 
equations (7) and (8). 

Table 2 shows that for full plastic deformation of the probe body to occur, loads 
on the order of 5-78 mN need to be applied. In order to generate elasto—plastic 
deformation, on the other hand, loads at a level of 23-87 wN must be applied 
to our probes. The largest load applied in this research was roughly 4 uN. This 
indicates that the microscopic probe remained in the elastic/viscoelastic regime 
during the pull-off force measurements. However, this might not be the case for 
individual nano-asperities, present on the probe surface (Fig. 1), which can deform 
permanently under loads much smaller than 4 uN as demonstrated by Reitsma 
et al. [6]. To analyze the deformation of asperities we limit our analysis to the 
fully plastic deformation regime. 

To determine the size of the asperity (Rasp) that may be squeezed-out by plastic 
deformation, equation (8) is rearranged as: 


PE? 


10800z Y3’ ©) 


Rasp = 


where P is now the applied load. To see how this varies for the range of loads used 
(<4 WN), Fig. 16 shows a plot of size of the deformable asperity (Rasp) vs. the 
applied load (P). Again, two values are listed for each material, reflecting the low 
and high extremes for the range of mechanical properties reported. 

Figure 16 shows that the largest deformable asperity size is possible with soft 
PE. At a load of 4 WN, an asperity with radius r approx. 170 nm would be 
plastically deformed. It is unknown how much error is introduced by utilizing 
the compressive strength of PS rather than yield strength, but the results seem 
reasonable in calculating that an approximately 40 nm asperity would be flattened 
ata 4 WN load. 
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PS probe | experienced loads of approximately 200 nN (Fig. 4) and such loads 
could permanently deform asperities with radii of r < 25-36 nm. PS probe 2, which 
only experienced loads of approx. 90 nN, would only deform asperity of r < 18- 
25 nm. The vast difference in the magnitude of the forces recorded between the 
two probes (approx. 320 nN and approx. 100 nN) indicates that asperites with 
r < 30 nm were present on the ‘active’ part of the PS surface. At the light loads 
experienced by probe 2, these asperities would not be deformed and an intimate 
contact between the probe body and the substrate would not be achieved, yielding a 
low pull-off force magnitude. However, the spring constant of cantilevers used were 
not calibrated, and although the differences in force magnitudes are larger than can 
be explained by the errors in spring constants (up to 20% error for each cantilever), 
some caution should be used in this type of analysis. 

The PE probe showed different force magnitudes on the same ‘nano-rough’ 
substrate for different applied loads (Fig. 10). In the low-loading regime for this 
cantilever, with an applied load of approx. 500 nN and yielding forces ranging from 
about 4.1 to 6.8 WN, asperity of r = 10-59 nm would deform plastically. In the 
mid-loading regime, which included loads of approx. 1 uN and recorded pull-off 
forces of 6.6—7.2 N, asperities with r < 15-84 nm would be deformed. 

It should be noted that, since the substrate is much harder than the probe materials, 
all deformation is restricted to the probes and no permanent deformation could 
occur on the substrate. When referring to Figs 1 and 2, asperities from a few to 
about 50 nm were recorded for surfaces of both PS and PE probes. Some of these 
asperities could be deformed plastically according to the calculations presented in 
this section. It should be recognized, however, that our calculations were limited 
to a simple geometry where a single asperity was in contact with the substrate. It 
is more likely that more than one asperity is under pressure during the adhesion 
contact between the probe and substrate, and theoretical analysis should take such 
complex geometry into account. Such analysis is, however, beyond the scope of this 
contribution. 


4. CONCLUSIONS 


We have presented here a unique approach to overcome pull-off force data scatter 
in the AFM measurements caused by the substrate roughness. If what is shown in 
this paper for the PE probe on a substrate with the nano-rough finish is applicable 
to all systems, it may be possible to overcome the roughness effect at any scale 
by selecting a soft probe, operating at adequate loads to conform to the substrate 
surface irregularities, and consistently yielding saturated contact areas at different 
locations of the surface. Pull-off force measurements would then yield data for 
consistent contact areas, leaving only heterogeneity as a cause for pull-off force 
data scatter. 
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Role of surface roughness in capillary adhesion 
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Abstract—The adhesion forces between a smooth spherical particle and flat surfaces of alumina, 
silver, and titanium-coated Si wafers were measured with an atomic force microscope (AFM) under 
various humidity conditions. The results showed that there is a discrepancy between the experimen- 
tally observed and the theoretically predicted values of capillary adhesion forces. The reason for the 
discrepancy is explained considering the relative humidity of the surrounding atmosphere and the 
surface roughness profiles of the contacting surfaces. Two geometrical configurations to define the 
contact region profile are suggested. The equations to calculate the capillary adhesion forces were 
modified using the new geometries. The discrepancy was largely eliminated using the modified equa- 
tions. 


Keywords: Capillary force; surface roughness; adhesion force; humidity; atomic force microscope. 


1. INTRODUCTION 


The behavior of a particle mixture in air, whether it shows a free or sticky flow, 
depends on the inter-particle forces, such as van der Waals (VdW), electrostatic 
attraction and repulsion, and capillary forces. Many factors contribute to the total 
inter-particle force experienced by an assembly of particles and most are difficult to 
evaluate in either absolute or relative terms [1]. 

The flow becomes more sensitive to capillary forces in the presence of moisture. 
The contribution of capillary forces to the total inter-particle force increases after a 
certain critical humidity level. The determination of the critical humidity is crucial 
in the transport, filtration, and separation of powders, because the magnitude of the 
capillary force can exceed the VdW force unless the surface is hydrophobic [2]. 
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There is evidence that a capillary force may remain even after baking for over 
24h [3]. 

A small change in the relative humidity, particularly in the transition region 
around the critical humidity, can produce substantial changes in the processing 
characteristics of powders. It can even lead to a loss of process control. Hartholt 
et al. [4] reported that when the humidity increased from 45% to about 65%, the 
particle (glass particles) mobility decreased. When the humidity increased above 
65%, the particles became immobile. Harnby et al. [5] have given a good review 
of the literature for the effect of moisture on the structural strength and, hence, the 
flow characteristics of powders. 

A theoretical explanation for the absence of capillary force at low humidity was 
first given by Coelho and Harnby [6], where the moisture associated with the 
particles of a powder was adsorbed water vapor. The critical humidity was found 
from the equilibrium between the thin liquid film, meniscus, and humid atmosphere. 
Sedin and Rowlen [7] studied the nature of the transition on mica and quartz surfaces 
and observed a clear transition in the adhesion force at relative humidities around 
20%. Thundat et al. [8] and Salmeron and co-workers [9] obtained a flat response 
in force at relative humidities less than 20%. The reason for adhesion after reaching 
the critical humidity is the capillary force acting due to the liquid meniscus formed 
near the contact area. The pressure difference across the curved meniscus creates 
an attractive force, bonding the two surfaces. The water film is in a state of tension, 
meaning that its pressure is below atmospheric pressure. The total adhesion force 
can be divided into a capillary force and an interfacial tension force originating from 
the surface tension acting tangentially to the interface along the contact line with the 
solid body [10]. 

A simple approximation has been used to describe the capillary adhesion, Fy, due 
to a liquid bridge between a spherical particle and a flat surface: 


Fig = AP x S, (1) 


where AP is the Laplace pressure due to the meniscus and S is the area of the flat 
surface coated by condensed water. AP is given by the Laplace— Young equation: 


Te, nll 

AP =y|[-+-], (2) 
aaa: 

where y is the surface tension of the liquid and r and x are the radii of curvature 

of the meniscus measured in two planes at right angles to each other. Since 


x>rAP=y/r. 
‘S’ can be calculated by the formula 


S = 22 Rr(cos 6) + cos 42), (3) 


where R is the radius of the particle and 9, and 62 are the contact angles that the 
liquid is supposed to form with the particle and the flat substrate, respectively. 
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Substituting equations (2) and (3) into equation (1), the capillary adhesion force 
is obtained as 


Fig = 2 y R(cos 0; + cos 63). (4) 


The values reported in the literature regarding the determination of critical 
humidity are mainly based on tensile test measurements, centrifuge or optical 
observations [11]. The measurements were generally performed on smooth surfaces 
and the effect of surface roughness has not yet been explained to a sufficient extent, 
particularly for nanometer size regimes. The complications probably arise from the 
difficulty in characterizing or properly defining geometrical models for the surface 
roughness based on experimentally measurable parameters. Recently, Colbeck 
[12] has proposed a two-dimensional geometrical model with four variables and 
concluded that the effect of surface roughness on the capillary adhesion force was 
very complicated. 

The novel usage of an atomic force microscope (AFM) provides an opportunity to 
obtain experimental data for adhesion force measurements on a variety of surfaces 
as a function of the humidity, thus enabling a more in-depth investigation of the 
subject even in nanometer scale regimes. 

In this study, direct adhesion force measurements were performed to determine 
the critical humidity range more precisely and to quantify the magnitude of capillary 
forces at different relative humidity levels considering the role of surface roughness. 
Attention is focused on the calculation of the capillary force on a single particle 
using the AFM. 


2. EXPERIMENTAL 


The surface forces were measured under varying humidity conditions using an 
atomic force microscope (AFM), Nanoscope III (Digital Instruments). For this 
purpose, an AFM piezoelectric unit was placed into a special humidity chamber 
and all the force measurements were performed under controlled humidity levels. 
Humidity was measured in both upper and lower parts of the chamber to ensure 
a uniform humidity throughout the volume of the chamber by an electronic 
hygrometer. 

A relatively smooth glass sphere of 10 jzm in radius and 0.2 nm in roughness 
(RMS) was attached to the AFM cantilever tip with epoxy-type glue. The effect 
of the glue on the adhesion strength is negligible due to its very small thickness 
(<2 nm). The glass sphere was brought into contact with alumina and silver flat 
surfaces having 0.2 and 1.2 nm surface roughnesses, respectively. The samples 
were kept at a chosen humidity for 1 h to provide equilibrium conditions between 
the surfaces and the surrounding atmosphere. The change in the adhesion force at 
different humidity levels was measured as a function of the loading force using 
the AFM in contact mode. The adhesion and loading forces were normalized 
by the radius of the adhering particle, to eliminate radius effects on the results. 
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The load/radius (L/R) and adhesion force/radius (Fq/R) values were used in the 
graphs. 

The effect of humidity on the adhesion force for rough surfaces was investigated 
on silicon wafer samples having controlled surface roughnesses from 0.2 to 10 nm. 
The roughness was characterized by the AFM in root mean square (RMS) values; 
this has been described in detail elsewhere [13]. Rough samples were obtained by 
depositing titanium on the wafers obtained from Motorola by the chemical vapor 
deposition (CVD) technique. Before starting adhesion force measurements, the 
samples were cleaned by rinsing with ethanol, methanol, and de-ionized water, 
and dried by blowing dry tetrafluoroethane gas. The titanium-coated wafer surface 
was allowed to interact with the silica sphere attached to the AFM cantilever tip. 
Adhesion measurements were conducted in both low [25-30% relative humidity 
(RH)j and high humidity (65% RH) regimes. 


3. RESULTS AND DISCUSSION 


Figure 1 shows that the normalized force value on the alumina flat surface increases 
from 320 to 550 mN/m at around 40% RH. In the low humidity range (<40% RH), 
the adhesion force is relatively weak, F/R = 320 mN/m; this can be related to 
dry contact resulting from van der Waals forces. Assuming this force to be van 
der Waals type, the experimental value of the Hamaker constant was calculated as 
A = 1.6 x 107!° J. This value is overestimated compared with theoretical and 
experimental values obtained from the literature, A = (0.7-1) x 107!9 J [14, 15]. 
The higher value of A found in the experimental data indicates the action of some 
additional forces besides dispersion forces. Short-range polar forces suggesting the 
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Figure 1. Experimentally measured normalized adhesion force between the glass sphere attached to 


the AFM tip and the alumina substrate at various humidity levels as a function of increasing loading 
force (Rsphere = 10 xm). 
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existence of an adsorbed water layer can be the reason why the total adhesion force 
is larger than the theoretical van der Waals value. Even at very low humidity levels, 
a single or double layer of water molecules is adsorbed, which is different from 
the bulk water. It could also be attributed to an electrostatic charge build-up at the 
examined surfaces; however, the Coulomb force has been found to be two orders 
larger than the van der Waals force [16], while in the present study the additional 
force was approximately of the same order as the van der Waals force. Similarly, 
Chikazawa et al. [17] observed the same type of behavior at a humidity as low as 
20% RH, using porous glass particles. It was presumed that this was due to the 
formation of hydrogen bonds between the particle and the glass substrate. 

In the higher humidity regime (>40% RH), a sharp increase of the adhesion force 
to 550 mN/m was observed, whereas the theoretical value for capillary forces is 
790 mN/m. This result is an indication of meniscus or liquid bridge formation; 
however, the difference between the two values is very large and can be attributed to 
the existence of surface roughness. An in-depth investigation of the effect of surface 
roughness on the capillary force was thus performed to account for the discrepancy 
between the theory and the experimental results considering the geometry of the 
contact region. 

There are two possible geometrical configurations for the meniscus existing be- 
tween a rough flat surface and a smooth sphere. Figure 2a shows the first case, where 
the diameter, 2r, of the meniscus is larger than the height of the asperity, H(2r > 
H). In the second case (Fig. 2b), where 2r < H, the meniscus forms between the 
roughness peak and the sphere, rather than between the sphere and the flat surface. 

In the first case where 2r > H, one may think that the same force acts as in the 
case of a smooth surface and that the asperity does not alter the force appreciably. 
However, the asperity peak will certainly increase the separation distance between 
the smooth sphere and the flat surface, thus altering the area of the condensed vapor 
phase (5). Thus, the adhesion force in equation (1) (Fag = AP x S) will also 
change. The Laplace pressure term AP in the equation does not change because 
according to the Young—Laplace equation (2), AP depends on the radius of the 
meniscus and the radius of the meniscus depends only on the relative humidity of 
the surrounding atmosphere and the surface energies of the interacting bodies. In 
order to calculate the adhesion force for this configuration, the area of the bridge 


(b) 


Figure 2. Schematic diagram of a meniscus. (a) 2r > H;(b) 2r < H. 
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under the smooth sphere must be calculated. For simplicity, the thickness of the 
adsorbed layer was neglected. From Fig. 2a 


[OA] = R+A (height of the asperity) = (R+1r)cos¢@ +r, 


where ¢ is the angle embracing the meniscus. Assuming that R >> r andcos¢ < 1, 
the following expression is obtained: 


—H 
(rad) = || oe. (5) 


The area of the condensed vapor phase considering the triangle ODB is 
S = [DBJ’ and [DB] = Rsing = R¢. (6) 


Substituting ¢ from equation (5) into equation (6), the area S = 27 R(2r — H) is 
obtained. Thus, using equation (1), where Fig = AP x S, we obtain a formula to 
calculate the capillary adhesion force in the presence of a surface asperity which is 
smaller than the diameter of the meniscus: 


Fig = 4ayR(U — A)/2r)]. (7) 


The theoretical value of the capillary force between smooth surfaces of alumina 
and glass was obtained from equation (4) as 790 mN/m for contact angles 6, = 0° 
for glass and 6) = 41° for alumina surfaces. The contact angle measurements 
were done by placing a small amount of water (1 jl) on the related substrate 
with a micro-syringe and the contact angle was determined in a standard way by 
an NRL goniometer. The discrepancy between the observed (550 mN/m) and the 
theoretical (790 mN/m) values of capillary adhesion forces can be minimized using 
equation (7). The numerical values of H, y, and r can be calculated. The surface 
roughness of alumina can be used as the H value, which was measured to be around 
0.3 nm using the AFM. The radius of the meniscus r can be calculated from the 
Kelvin equation as 


=—Vy —Vy 
CS SO ee 
RT log(p/ps) kT logy 


where V is the molar volume of water; kT is the product of the Boltzmann 
constant and absolute temperature; p and p, are the condensation vapor pressure 
and saturated vapor pressure, respectively; and w is % relative humidity. The 
liquid—vapor interface at the meniscus is concave, causing condensation at pressure 
smaller than the saturation pressure. For 40% relative humidity, 7 is calculated as 
0.78 nm. Substituting the data in equation (7), the adhesion force was found to 
be F,qg = 406 mN/m. This value is much closer to the experimentally observed 
550 mN/m. Therefore the discrepancy was largely eliminated using a correct 
geometrical configuration to consider the surface roughness profile. 

For the second geometrical configuration where 2r < H, the asperity separates 
the two contacting surfaces by more than the diameter of the meniscus. The 


(8) 
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Figure 3. Experimentally measured normalized adhesion force between the glass sphere attached to 
the AFM tip and the silver substrate at various humidity levels as a function of increasing loading 
force (Rsphere = 10 wm). 


adhesion force can be calculated using equation (4), but the radius of the asperity 
peak (r,) should be used instead of the radius of the interacting sphere, R, as 
follows: 


Fig = 277 yrp(cos 6; + COs 62). (9) 


Note that in Fig. 1 the adhesion force levels off at around 40% relative humidity, 
showing a type IV adsorption isotherm described by Brunauer [18] which is 
considered to reflect a capillary condensation phenomenon before the saturation 
pressure is reached [19]. 

The AFM force measurements in the contact mode were conducted on a soft silver 
flat surface, under the same conditions as those used for the alumina surface in 
order to examine the effect of the substrate’s physical properties on the results. The 
critical humidity range for the silver substrate was observed around 60%, as shown 
in Fig. 3. The adhesion force behavior as a function of the humidity was different 
from the alumina flat surface for the same range of applied force. 

The adhesion force at low loading forces, L/R < 4 mN/m, where L is the load 
applied to the cantilever and R is the radius of the particle, and in the high humidity 
range of 60-70% RH steadily increases and reaches a plateau value. The increase 
for the silver substrate is more gradual than that observed for the alumina substrate. 

At a very low loading force, L/R ~*~ 0, since the roughness of silver is high 
(3 nm as measured with the AFM), the meniscus forms between the asperity and the 
sphere as explained in the geometrical configuration in Fig. 2b. Below the critical 
humidity range, the force was dependent on the loading force and no plateau region 
was observed. The increase in the adhesion force by increasing the loading force is 
caused by the plastic deformation of silver, which is mainly the deformation of the 
asperity. 
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Figure 4. Experimentally measured normalized adhesion force as a function of the humidity on 
alumina and silver substrates using a 10 zm glass sphere attached to the AFM tip. 


Lower adhesion forces were observed in the range < 47% RH for the silver 
substrate. These low forces should be related to the interaction of ‘dry’ surfaces 
without the formation of a liquid meniscus. Not enough molecules of water are 
present at the surface to form a bulk water phase at low humidity levels. Using 
scanning polarization force microscopy, Salmeron and co-workers [20] studied the 
structure of the water layer on mica as a function of the relative humidity. The 
authors described two distinct structural phases of the water film, phase I being 
an ice-like film and phase II a more liquid-like island structure. They attributed 
the transition in the adhesion force as a function of the relative humidity to the 
transition from a tightly bound ice-like layer of water on mica to more liquid-like 
islands which lead to capillary condensation during contact. 

For humidities greater than 47% RH and at a high loading force, L/R > 
12 mN/m, the capillary force appears, which can be explained by the plastic 
deformation of silver causing a decrease in the gap between the substrate and the 
sphere. Thus, the formation of a meniscus becomes easier. 

A comparison of the adhesion behavior of silver and alumina substrates to 
humidity changes is shown in Fig. 4. A sharp transition in the adhesion force is 
observed for alumina in the critical range. The silver surface, on the other hand, 
having a higher surface roughness, did not show any sharp transition. Instead, a 
gradual increase was observed. 

Figure 5 shows the adhesion force measurements on silicon wafer samples having 
controlled roughness for dry (25-30% RH) and for humid (RH = 65%) atmospheric 
conditions. In this case, flat silicon wafers were coated with titanium by the CVD 
technique. A surface roughness with peaks of regular shape and reproducible height 
was obtained. There is a significant difference in the adhesion force values measured 
in dry and in humid atmospheres at low roughness levels (RMS = 1-2 nm). The 
adhesion forces at 0.2 nm roughness were measured as 130 and 100 mN/m for 
humid and dry air conditions, respectively. Since the surface roughness for this 
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Figure 5. Normalized adhesion force measured in dry and in humid atmospheres between the glass 
sphere attached to the AFM tip and the Si wafer surface as a function of increasing surface roughness 
(RMS) (Rsphere = 10 zm). 


case is very low, i.e. showing a very small deviation from an ideal surface, the 
difference should be arising from the action of capillary forces, but not to the extent 
of bulk meniscus formation. Otherwise, the experimental value should be close to 
the predicted theoretical value of 540 mN/m, using a water contact angle 6 = 40° 
for the Ti-coated wafer surface. Capillary patches may be formed rather than a bulk 
bridge, indicating that the meniscus had not yet reached the critical radius to grow. 
The absence of a meniscus between the surfaces can be attributed to poor wetting 
of the wafer surface. 

At high roughness levels, however, both the dry and the humid adhesion force 
values approach each other within an average of 10% standard deviation. This can 
be explained by considering the geometrical configuration in Fig. 2b, where the 
meniscus is formed between the asperity and the particle rather than between the 
wafer surface and the particle. Since the meniscus formed in this way is very thin, 
it does not affect the adhesion force. 


4. CONCLUSIONS 


The adhesion force measured in the presence of moisture depends strongly on the 
size of the meniscus, which is a function of the roughness profile of the surface 
as well as the relative humidity of the air. Therefore, for an accurate and precise 
measurement of the total adhesion force, the geometry of the asperity peak should 
be taken into account. Two geometrical configurations that might commonly be 
encountered were proposed for the asperities. The adhesion force was expressed as a 
function of the relative sizes of the separation gap (#7) and the radius of the meniscus 
(r) for the two proposed geometries. The experimental data calculated using the 
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proposed formulae were seen to be closer to the predicted theoretical calculations. 
It is expected that this study will not only establish a deeper understanding of the 
capillary adhesion of a particle to a surface, but also contribute, in general, to 
the understanding of the role of roughness on a nanometer scale in any type of 
technology involving contacts. 
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Abstract—An atomic force microscope has been used to measure the adhesion between individual 
silica-glass particles and a glass substrate in the presence of water vapour. It was found that the 
adhesion between the surfaces was not significantly altered, when compared with the dry case, at 
relative water vapour pressures of less than 0.6. Above this level of water vapour, the magnitude of 
the adhesion between the surfaces increased by approximately an order of magnitude. The transition 
of behaviour at a relative water vapour pressure of 0.6 corresponds to the formation of a capillary 
annulus having a critical Kelvin radius of approximately 2 nm. These findings are in good agreement 
with previous research data for the interaction of mica surfaces in water vapour. Force—distance data 
recorded as the particle and surface are separated from one another indicate the presence of a capillary 
neck between the surfaces. The form of these force—distance data indicates that the separation occurs 
under non-equilibrium conditions that more closely resemble the expected interaction under constant 
volume conditions (for the capillary neck). The results of this study also indicate the important role 
of equilibration time for the surfaces when not in contact. Successive force scans with only short 
equilibration times when the surfaces are separated result in the development of larger than expected 
capillary interaction forces. The results are relevant to the interactions between particles in a powder 
bed under flow. 
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1. INTRODUCTION 


The adhesion between particles in a powder bed is increased as a result of the 
capillary condensation of water from a humid atmosphere. The adhesion of particles 
to surfaces is also affected by the same mechanism. The importance of this capillary 
condensation to processes such as dust suppression or the contamination of ‘clean’ 
surfaces is obvious [1]. More recently, the role of capillary condensation on the 
stick—slip motion of a particulate assembly has been reported [2]. It was postulated 
that the critical parameter of interest in controlling the motion of such an assembly 
were the forces operating between particles in stress chains throughout the powder 
bed. Motion of the powder can only be induced when the stress chains weaken 
sufficiently, as a result of dilation, under the action of a shear stress. Since 
dilation of the stress chains is a critical stage in the control of powder flow, the 
forces between particles in these stress chains that resist this dilation are clearly of 
interest. For elastic particles, the adhesion between particles in a dry atmosphere is 
controlled by the action of surface forces, primarily the intermolecular dispersion 
or van der Waals forces [3]. In a humid atmosphere, any capillary condensation 
between particles will result in an increased attractive interaction. Depending on 
the geometry of interaction, the relative humidity and the strength of the surface 
forces, the interaction pull-off force between the two surfaces can be predicted (see 
below). 

The fundamental investigation of capillary condensation between well-character- 
ized surfaces has received much attention in the scientific literature, both from 
theoretical and from experimental standpoints [4-10]. For perfectly clean and 
smooth surfaces, theoretical treatments are very well developed [11]. Unfortunately, 
in real particulate systems the idealized smooth clean surfaces are rarely found. 
For example, the use of techniques such as the surface forces apparatus (SFA) has 
highlighted the important role of surface contaminants in mediating any capillary 
condensation between surfaces [9, 10]. Such studies have shown that the presence 
of ions or other contaminants on silica or mica can lead to the condensation of water 
at partial vapour pressures well below those predicted from the Kelvin equation. 

The advent of scanning probe microscopy (SPM) has led to renewed interest in 
the role of surface adsorbed water films on particulate adhesion. Capillary forces 
have received considerable attention within the SPM literature as a result of their 
importance in imaging applications [12-21]. The presence of capillary adsorbed 
moisture between an imaging probe and the surface of interest can lead to the 
development of large interaction forces that result in significant elastic deformation 
of the imaging tip. Such deformations have been shown to significantly reduce 
the resolution available from the SPM technique. On a more fundamental level, 
it was quickly realized by researchers that the small size of SPM probe tips and 
the high sensitivity of the cantilever springs could lead to important fundamental 
knowledge about the adhesion and friction between single asperity contacts in a 
humid atmosphere [12]. The role of variables such as contact angle and relative 
humidity has been extensively investigated. For hydrophilic surfaces, the force 
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of adhesion is seen to increase dramatically at between 30% and 40% relative 
humidity (RH) [12, 17-20]. The increase is interpreted as occurring when capillary 
forces first become significant with respect to surface forces in the contact region. 
Although there is some debate about the exact position of the transition point, 
it is clear that a critical value of RH is needed to ensure that adequate capillary 
condensation can occur. After this point, the effect of the capillary neck is quickly 
maximized and no further increase in pull-off force is observed as RH is increased 
further. 

In the present study, our aim was to investigate the role of capillary condensation 
in mediating the interaction between micrometre-sized elastic particles in a humid 
environment. As noted above, this is relevant to the understanding of the strength 
of stress chains in particulate systems [2]. This, in turn, affects the resistance of 
particulate networks to applied shear and the motion of the particle system. In a 
previous investigation [2], shear test cell measurements were used to investigate the 
motion of glass particles under a given series of applied normal loads and relative 
humidities. Careful measurements of the dilation of the particle system during the 
application of a shear stress indicated that the slip event during stick—slip motion 
of the particle bed was accompanied by rapid collapse of a dilated material. The 
dilation of the material was seen to occur during a plastic strain step immediately 
prior to slip. This mechanism is contrary to predicted models of the stick—slip 
behaviour of particulate systems such as that of Thomson and Grest [22]. In this 
model, the material dilation is predicted to occur during the slip phase and collapse 
occurs immediately the material comes to rest. In this model, the dilation is likened 
to fluidization of the material. 

Colloidal sized particles may be attached to standard SPM cantilevers. The use 
of SPM techniques to investigate the interactions between particles and surfaces 
has developed rapidly since the first reported use of a colloid probe [23]. In 
the study of adhesion, measurements have been reported between particles and 
surfaces for systems as diverse as tin [24], polystyrene [25, 26], glass [27], cross- 
linked poly(dimethyl siloxane) [28], and metal oxides [29]. In most cases, the 
authors have gone to great lengths to prevent capillary condensation and to ensure 
a dry atmosphere. Despite the obvious importance of capillary condensation in 
particle adhesion, there is, to our knowledge, only one previous report of direct 
measurements using colloid probes and an SPM [13]. This is the purpose of the 
current investigation. 


1.1. Capillary forces 
The origin of capillary forces is the condensed neck of water that can form in 


asperities at RH values below saturation. This condensation can occur because 
of the pressure difference that exists across the surface of a curved interface, as 
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Figure 1. Schematic representation of the capillary neck between a sphere and a flat plate in a humid 
atmosphere. 6 is the contact angle at the air-water—glass interface, R’ is the sphere radius, r; is the 
capillary Kelvin radius, and d is the distance indicated. 


described by the Young—Laplace equation [30]: 


1 1 


al r2 


where yy is the surface tension of the liquid of interest and r; and r2 are the 
principal radii of curvature for the liquid surface. The Young—Laplace equation 
leads directly to the Kelvin equation, which relates the curvature of the interface to 
the relative vapour pressure acting over that interface according to 


1 1 1 RT h 
—= (= + ~| = n( 2), (2) 
rk ry 12 viv V p 


where rx is the equilibrium radius, R is the universal gas constant, T is the absolute 
temperature, V is the molar volume of the liquid, p” is the normal vapour pressure, 
and p’ is the vapour pressure acting above the curved interface. From this equation, 
it is apparent that the vapour pressure above a curved interface is reduced and thus, 
condensation can occur is an asperity well below the saturated vapour pressure of 
the liquid. 

The typical sphere—flat geometry used in our experiments is shown in Fig. 1. 
When the two surfaces are hydrophilic, as in our experiments, the meniscus that 
forms between the sphere and flat is expected to be concave and will lead to an 
attractive capillary pressure between the surfaces. When the two surfaces are in 
contact, the capillary pressure is greatest and is given by [11] 


Feap = 47 R' yy cos 6, (3) 
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where R’ is the sphere radius and @ is the equilibrium contact angle of the liquid 
with the surfaces. The total adhesion force between the surfaces must also include 
any contributions from the solid—solid contact inside the meniscus. Thus, the final 
result for a capillary, as shown in Fig. 1, is given by 


Fag = 42 R' (yw cos 6 + yz), (4) 


where ysz, is the solid—liquid interfacial tension. This value is frequently much 
smaller than the value of yy and, in these cases, the capillary bridge dominates the 
adhesion between the two surfaces. 

It should be noted that the above equation contains no capillary radius parameter. 
The value of this capillary radius will obviously increase with increasing RH [see 
equation (2)] and so it is important to know at what point the RH is sufficient 
to allow application of equation (4). Several authors have investigated this point 
[8, 10]. The largest and most quantitative body of research available has been 
performed using the surface forces apparatus (SFA). In this device, the adhesion 
between two crossed hemispherical sheets of mica is directly measured as a function 
of the atmospheric humidity. Using this technique, liquids such as cyclohexane and 
benzene have been investigated. For organic liquids, it has been shown that capillary 
condensation is sufficient to allow the use of equation (4) at RHs as low as 10% [8]. 
The meniscus has a radius of only 0.5 nm under this condition. In water vapour, 
it appears that a higher vapour pressure of around 0.6, corresponding to a radius 
of 2 nm, is required [10]. This point will be discussed in more detail below after 
presentation of the results from this study. 

In addition to the adhesion force at contact, the force of attraction between the 
surfaces as they are separated from one another will also be affected by the presence 
of condensed water vapour. At a given surface—surface separation distance, the 
presence of a capillary neck will result in an attractive force between the surfaces. 
If the surfaces are separated from each other infinitely slowly, the capillary neck will 
always be at equilibrium with the surrounding atmosphere. Under these conditions, 
a constant capillary radius will be maintained and the capillary neck will persist 
until the separation is such that the central annular radius approaches zero. Under 
these conditions, the force as a function of the surface—surface separation, D, is 
given by [8] 


Feg = 40 R' yw cos (1 — os) (5) 
2r; cos 6 

Clearly, if the surfaces are separated under the conditions of equilibrium, the force 

will vary linearly with distance. An alternative solution for the force~—separation 

relationship arises if we separate the surfaces rapidly such that the volume of liquid 

between them remains constant. In this case, the force as a function of the separation 

distance is given as [11] 


_ An R’ yy cos 6 


Fei (i+ D/d) ’ (6) 
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where d defines the area over which the capillary acts. In this case, the force is 
inversely related to distance. 


2. MATERIALS AND METHODS 
2.1. Chemicals 


Where used, all water was of Millipore Milli-Q grade. High-purity nitrogen was 
used as supplied (BDH Gases). 


2.2. Glass beads 


The beads used in this study were soda-lime glass spheres obtained from Poly- 
sciences (Warrington, PA, USA). Spheres for use in the AFM experiments were in- 
dividually selected from a sample with nominal diameters in the range 10-30 wm. 


2.3. Glass flats 


Silica plates were made from Suprasil silica and were polished to optical smooth- 
ness (H. A. Groiss, Melbourne). Roughness information for the surfaces was ob- 
tained directly using AFM images. The standard deviation in the mean height was 
found to be 0.6 + 0.2 nm over a scan area of 2.5 x 2.5 wm and 1.2 + 0.4 nm over 
the larger area of 10 x 10 wm. 


2.4, Surface preparation 


All surfaces were used in AFM experiments immediately after cleaning. The glass 
surfaces used in the AFM experiments were cleaned in sulphochromic acid and 
then rinsed in Milli-Q filtered water. Contact angle measurements on the cleaned 
surfaces revealed that water formed a wetting film. After 30 min exposure to the 
atmosphere, the contact angle rose to 25 + 5°. Care was therefore taken to control 
the environment for the preparation and testing of all samples in the AFM experi- 
ments. 


2.5. Colloid probes 


The colloid probes used here were prepared in-house by gluing a glass bead to a 
single beam TESP cantilever (Digital Instruments, Santa Barbara, CA, USA) using 
an epoxy adhesive (Araldite). Prior to use, hydrophilic probes were cleaned by 
exposure to UV radiation for 5—10 min. 


2.6. Colloid probe microscopy 


A Nanoscope III lateral force microscope (Digital Instruments, Santa Barbara, 
CA, USA) was used in all AFM experiments described here. Here, as with most 
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commercially available systems, the scanner moves the sample while the probe 
remains fixed. To achieve the precision required, a piezoelectric tube scanner 
(Scanner E, Digital Instruments) was used which could be controlled to provide 
sub-angstrom motion increments. 

The colloid probe of interest was mounted in a commercial fluid cell (Digital 
Instruments, Santa Barbara, CA, USA) in a clean laminar flow cupboard and the 
assembly was then mounted in the AFM. High-purity nitrogen (nitrogen > 99.99%, 
moisture < 12 ppm, oxygen < 10 ppm; BOC gas code #034) was passed through the 
fluid cell for approximately 30 min prior to an experiment. The RH was then varied 
by bubbling a proportion of the incoming nitrogen through Milli-Q filtered water. 
The system was then allowed to equilibrate for 30 min at the given RH. The RH 
was determined at the outlet of the fluid cell using a Thermo-Hygrometer (Hanna 
Instruments, HI 91610-C). A slight positive pressure was maintained throughout the 
experiment to ensure no ingress of atmospheric air. Experiments were conducted 
in an air-conditioned room and the temperature did not vary significantly over the 
course of the testing programme. 


2.7. Spring constant calibration 


The value of the normal spring constant was determined using the method of 
Cleveland et al. [31]. For the cantilevers used here, a value of k = 27 + 0.5 N/m 
was determined. 


2.8. Data analysis 


Raw data for the normal interaction between the surfaces were converted into 
force—separation data using standard analysis protocols. Photodiode response in 
the normal direction is calibrated directly when the surfaces are in contact: a unit 
movement of the piezoelectric crystal will cause a corresponding movement of the 
probe; this results in a measured voltage change in the photodiode output. Thus, if 
the piezoelectric crystal is calibrated correctly, the photodiode output can be easily 
obtained. The piezoelectric crystal was calibrated here by imaging a grating with 
known x, y, and z dimensions. 


3. RESULTS AND DISCUSSION 


Force—separation data for the interaction of a glass sphere with a glass surface 
under conditions of zero humidity are shown in Fig. 2. These data will serve as 
a control for all the subsequent discussion regarding interaction forces in a humid 
environment. The form of these data is typical for the interaction between two clean 
dry surfaces in air. As the surfaces approach one another, there is no interaction until 
the surface separation is very small. An attractive van der Waals interaction between 
the surfaces then results in a short-range jump-to-contact. The small oscillations in 
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Figure 2. Force—separation data for the interaction between a 10 um radius glass sphere and a 
flat glass surface. The data were collected at RH = 0. Data are shown for both the approach (@) 
and the retraction (©) of the sphere and the surface. Calculated data points for the van der Waals 
interaction between a dry glass surface and a dry glass sphere across air are also shown (A). A value 
of 1 x 10~!9 J was used for the Hamaker constant of glass in this case [11]. The arrow indicates the 
direction of return for the pull-off data. 


the baseline data result from optical interference caused by reflections from the 
surface. Such interference can lead to erroneous calculations of interaction forces, 
although they are expected not to have a large effect on the jump-to-contact distance. 
Using an appropriate value of the Hamaker constant for glass surfaces in dry air 
[11], a predicted interaction was calculated and is shown in Fig. 2. The qualitative 
agreement between the measured and the predicted interaction suggests that the 
surfaces were clean and dry. The retraction data can be used to determine the pull- 
off force for these surfaces. The adhesion force between a sphere and a flat is 
predicted to be 


Fadh = 47 R'ysy, (7) 


which for a silica glass sphere with R’ = 10 wm, and using a typical value of 
Ysy = 150 mN/m [32], should have a value of 18 wN. The measured value here 
is 1+ 0.1 wN. The difference between these values is commonly attributed to 
asperities on either the particle or the surface. The role of surface asperities on 
solid—solid adhesion measurements is well documented and has been discussed 
by many authors [23-29]. In general, a reduction of between 1 and 2 orders of 
magnitude between the predicted and the measured values is observed. In this study, 
the important features of the data in Fig. 2 are the van der Waals type interaction as 
the surfaces approach, and on retraction the jump-out in the surface separation after 
the adhesion force is overcome. 
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Force—separation data collected at three different values of the RH, 14%, 30% 
and 95%, are shown in Fig. 3. The data collected at the lowest RH value, 14%, 
shown in Fig. 3a will be discussed first. Using the lettering given in this figure, it is 
obvious that starting at the maximum separation, A, there is initially no interaction 
between the probe and the surface and the probe shows no detectable force. As the 
surface separation is reduced, no interaction between the surfaces is observed until 
point B, where a sudden instability in the probe results in a jump-to-contact from 
a separation of about 25 nm. Further movement of the piezoelectric drive results 
in a loading of the surfaces whilst in contact until the drive voltage is reversed at 
point C. At this point, the flat surface motion is reversed. Initially, the surfaces 
remain in contact until the restoring force of the spring is sufficient to overcome the 
adhesion interaction force at point D. The hysteresis between the two data sets is 
a consequence of both the mechanical construction of the measurement device and 
capillary condensation of liquid at the sphere—flat junction during contact. The 
breaking of the adhesion interaction at point D is followed by rapid relaxation 
of the spring to point E, although it does not immediately return to the baseline, 
as is typically seen for clean dry systems. Instead, from point E to point F, the 
attraction between the surfaces gradually relaxes as the surface separation increases. 
Finally, at point F there is a very small jump back to the baseline, whereupon further 
separation of the surfaces has no effect on the probe. 

The main features described above are also seen in both Fig. 3b and 3c collected 
at higher RHs, although certain specific differences should be noted. At the higher 
humidity values shown, the initial contact between the surfaces as they come 
together occurs at larger separation distances with greater values of the RH. The 
‘jump’ to initial contact is relatively small and is followed by a region of increasing 
attractive force with decreasing separation distance until at some point a final jump- 
to-contact is observed. The form of the data in this attractive zone, after the initial 
contact is made, closely resembles that of the retraction data, although there is some 
clear hysteresis between the data sets. At the highest humidity value tested, 97%, 
the pull-off data show a large adhesion and a rapid return to the baseline after this 
adhesion is overcome. As a result, little information about the form of the pull-off 
data is evident. 

We first consider the data set collected at a RH of 14%. At this RH, the 
predicted capillary radius for water on glass, if we assume a contact angle of 0°, 
is approximately 0.5 nm. This is below the expected value of 2 nm at which point 
capillary forces become important with respect to the pull-off force, as predicted by 
equation (4). If we assume that the contact angle of water on glass is 0°, then for a 
glass probe with a radius of 15.5 wm as used here, the predicted capillary adhesion 
(at contact) from equation (3) is approximately 14 WN. This is more than one order 
of magnitude greater than the measured value of ~1 uN from Fig. 3a. The pull-off 
forces as a function of the RH for all the experiments performed in this study are 
shown in Fig. 4. It is clear from these data that there is a shift in behaviour between 
the data collected at a RH value of 30% and those at 69%. As noted previously, 
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Figure 3. Force—separation data recorded between a 15.5 zm glass sphere and a flat glass surface at 
three values of the relative humidity: (a) RH = 14%; (b) RH = 30%; and (c) RH = 97%. Data are 
shown for both the approach (@) and the retraction (©) of the sphere and the surface. The lettering 
in a refers to information which can be obtained from each force curve and is explained fully in the 
text. The solid grey line in a is the van der Waals fit used in Fig. 2. Fits to the retraction data using 
the constant volume capillary model {equation (6)] are shown in a and b as solid grey squares. The 
parameters used were (a) 9 = 0° and d = 0.8 nm and (b) 6 = 0° and d = 0.9 nm. The arrow 
indicates the direction of return for the pull-off data in c. 
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Figure 4. The measured pull-off forces as a function of the relative humidity. All experiments were 
performed using a single glass sphere (radius = 15.5 wm). The points at each value of RH are for 
repeat runs and indicate the errors involved in this type of experiment. A transition in behaviour is 


observed between the data collected at or below RH = 30% and those collected at or above RH = 
69%. 


Christenson determined that a capillary radius of 2 nm was required before capillary 
adhesion became significant in the pull-off force [10]. This occurs at a RH of 
about 60%. The data collected here support this earlier finding. The pull-off forces 
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collected at RH values below 60% were of a similar magnitude to that collected 
for a bare dry probe (Fig. 2). This suggests that the ‘surface—surface’ adhesion 
is the dominant contribution to the measured pull-off forces under these conditions. 
Above the limiting condition for RH of 60%, the pull-off data have values that range 
between 5 and 7 wN. Whilst significantly higher than the dry case, these values 
are clearly not as large as the predicted value of 14 wN. The difference between 
the predicted value and the measured values is most probably due to the surface 
asperity problems discussed above. The contact region must therefore consist of 
multiple liquid bridges that cover approximately half the expected area. 

Returning to the force—distance data shown in Fig. 3a, what are the origins of 
the attractive force as the surfaces are brought together? Using a value of the 
Hamaker constant for quartz surfaces in vacuum, the maximum predicted van der 
Waals interaction between the sphere and the plate can be calculated. These data 
are shown in Fig. 3a. The magnitude of the measured attraction is clearly much 
greater than this predicted interaction. A possible source of the interaction seen in 
this and the other data sets comes from locally adsorbed water that is present as 
a result of the broken capillary neck from the previous force cycle. It should be 
noted here that the data were usually collected in a constant scan cycle such that 
an inward force curve immediately followed the end of an outward cycle. The data 
here correspond to the equilibrium case observed after many scans at the given set 
of conditions, i.e. scan rate and scan size. If we examine the pull-off data in Fig. 3a, 
we observe that the surfaces remain attractive until a separation of around 180 nm 
is achieved. This attractive force varies non-linearly with separation. The fact that 
the surfaces remain ‘connected’ out to a separation of 180 nm indicates that there 
is a capillary neck between the surfaces after contact. The non-linear form of these 
data indicate that the system is not at equilibrium during the separation process. 
The pull-off data can be fitted using equation (6). Once again, we assume a contact 
angle of 0°. It is clear that whilst not perfect, there is general agreement between 
the measured and the fitted data. The discrepancy between the two may be due to 
some evaporation as the surfaces are separated. At such low RH, the assumption 
of constant volume is clearly problematic. We will return to this point when we 
consider the data in Figs 3b and 3c below. The best fit to the data are obtained using 
a value of d = 0.8 nm. If d © 2r; cos @, then this implies a value of r; = 0.4 nm. 
This corresponds to a RH of 8%. Allowing for the relatively poor fit and the crude 
nature of the calculations, this is an acceptable agreement with the measured value 
of 14% for the RH. 

It seems likely that as the surfaces are separated, the velocity is too great to 
allow the system to equilibrate and the interaction tends towards that predicted 
for a constant volume system [11]. When the capillary neck breaks, the water 
is concentrated between the surfaces and it seems likely that a droplet of the 
water persists on both surfaces immediately after the breakage. This is illustrated 
schematically in Fig. 5. Under equilibrium conditions, it is expected that at a RH 
of 14% this water would evaporate, leaving the contact region effectively dry. In 


Adhesion between glass surfaces 467 


© ¢ o o 


(A) Initial approach (B) Contact (C) Pull-oif (D) 2nd approach 


Figure 5. Schematic representation of the pooling of liquid between the surfaces after the initial 
formation of a capillary bridge. The retraction of the surfaces results in the extension of the capillary 
bridge. Eventually, the restoring force of the cantilever spring causes the bridge to rupture. Under 
equilibrium conditions, the fluid between the surfaces would evaporate, leaving only a thin film on 
both surfaces. The data collected here indicate that upon subsequent approaches, the surfaces form a 
capillary neck at large separation distances. Such a neck can form only if there is substantial liquid 
between the surfaces at the contact point as indicated in this schematic figure. 


our case, immediately after the capillary neck is broken a new scan is started. The 
attraction seen when the surfaces are brought together is then caused by the coming 
together of these liquid drops. The large hysteresis between the data indicates that 
substantial evaporation does occur, as expected at this low RH. The pooling of 
liquid in the contact region between a probe and surface immediately after pull-off 
has been observed previously by others [19-21]. Salmeron and co-workers have 
even succeeded in imaging the ‘pooled’ water immediately after pull-off [19]. The 
results of their investigations suggest that this water does not immediately dissipate, 
but remains in the contact region for a finite time. A further complication of the 
system chosen here is the possible presence of a surface gel layer on the glass. Such 
layers, caused by the formation of poly(silicic acid), have been reported by many 
authors [33]. The presence of gel layers is known to affect the condensation of water 
vapour at these surfaces. 

The importance of the data collected at these low RH values is that there is 
definitely a capillary neck present, but it does not significantly enhance the ‘contact’ 
adhesion between the particle and the surface. However, this capillary neck does 
influence the long-range pull-off behaviour, in that it results in an attachment 
between the surfaces out to significant separation distances. This attachment may be 
important in granular systems, under dynamic flow conditions, when the breaking 
of stress chains is required to initiate motion. 

Further evidence of the pooling of liquid between the surfaces in the contact 
region is seen in the data collected at the higher humidity values, Figs 3b and 3c. 
In Fig. 3b, collected at a RH of 30%, the data show clearly the presence of a 
capillary neck in both the attraction and the separation data sets. Once again, the 
retraction data can be fitted using equation (6). The results of such a fit are shown 
in Fig. 3b. The agreement between the data and the fit are excellent. Once again, 
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Figure 6. The pull-off force as a function of time for the interaction between a glass sphere (radius 
10 ym) and a flat glass surface. Time zero corresponds to the point in the experiment when the 
RH = 0 air stream was replaced with humid air of RH = 72%. Force—distance data were recorded 
continuously at this time. The data points shown were determined from force curves chosen at random 
from this set. 


the hysteresis between the two data sets is most probably explained by evaporation 
during the finite time between capillary neck breakage and contact during the next 
compression cycle. Another possible complication in the fitting procedure could 
arise if the interaction area of the capillary bridge alters during retraction. As an 
example, the pull-off data in Fig. 3b can be well fitted using the constant volume 
model at either small separation distances (as shown) or larger separations simply by 
adjusting the d parameter. The possibility that the area of interaction alters during 
this dynamic pull-off event should not be discounted. A similar result is seen at the 
highest RH tested, Fig. 3c. In this case, however, the adhesion is sufficiently strong 
that upon pull-off the restoring force of the spring results in a loss of all detail during 
the retraction. It should be noted that at this value of the RH, the pull-off force has 
a significant contribution from the capillary force. 

The role of non-equilibrium effects in the capillary condensation observed above 
was probed further by performing a series of experiments where the system was 
initially dried under a constant stream of dry nitrogen over a 2 h period. After 
collecting the resultant force—separation data under these conditions, humid air at 
a relative vapour pressure of 0.76 was allowed to enter the cell. Force—separation 
data were then collected continuously over a 5 min period. The scan size used here 
was + 300 nm and the data were recorded at a scan rate of 1 Hz. The approximate 
time that the surfaces were in contact was 0.2 s. The resultant values of the pull- 
off force, as a function of time, are plotted in Fig. 6. The pull-off force is seen 
to increase steadily from the dry system value towards the ‘equilibrium’ value of 
8 uN over the first minute of measurement. Thereafter, a constant value was seen. 
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Figure 7. The pull-off force determined from a series of consecutive scans at RH = 14% and 
at two different scan sizes and a constant scan rate (1 Hz). The two scan sizes used were 
(a) +300 nm (@) and (b) +600 nm (A). In both cases, the size of the constant compliance region 
was kept approximately constant at +100 nm. An approximate calculation indicates that the time 
from breakage of the capillary bridge to reformation (see Fig. 5) takes approximately 0.3 s at a scan 
size of +300 nm and 0.6 s at a scan size of +600 nm. 


Under the conditions of the experiment, it is clear that a finite time is required for 
the system to reach an equilibrium state. 

Further information about the non-equilibrium nature of the forces recorded in 
this study was obtained by varying the length of time between capillary breakage 
and reattachment in a single experiment. This was achieved by maintaining an 
approximately constant contact period between the surfaces using the commercial 
software but increasing the scan size. In this way, the distance travelled by the 
surfaces out of contact is increased. At a constant scan rate, this is directly related 
to the time. The results of such an experiment performed at a RH of 1.3% are 
shown in Fig. 7. The pull-off force values quoted were collected in a series of 
consecutive scans. It is clear that the apparent ‘equilibrium’ value of the pull- 
off force is strongly dependent on the conditions of measurement. In the case 
where the time between scans was the shortest, the measured pull-off force values 
increased towards a limiting value of 2.1 N. This result suggests that there is an 
increased contribution of the capillary force under these conditions. When the time 
out-of-contact was increased during the second half of the experiment, the pull- 
off forces decreased to a limiting value of approximately 1 iN. The increase seen at 
small out-of-contact times reinforces the idea of a water ‘pool’ between the surfaces 
immediately after the capillary neck is broken. If the surfaces are brought together 
again rapidly and not held in contact too long, this can result in an excess of water 
being present at the contact junction at the moment of pull-off. The net result of this 
is a capillary force that is too large with respect to the expected value at the same 
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RH. As aresult of this observation, all the pull-off force data reported in Fig. 4 were 
collected at scan sizes where any further increases in the scan size had no effect on 
the measured pull-off force value. 


4. CONCLUSIONS 


The results of this study highlight the significant role that capillary forces may play 
in the interactions between particles in a granular body. A limiting value of RH = 
60% was observed. Below this value, adsorbed water at the contact junction did not 
have a significant effect on the pull-off force. Above this value, the capillary forces 
were seen to result in an increase of the pull-off force by a factor of between 5 
and 7. In all cases, the pull-off forces were smaller than predicted from theory. The 
differences are attributed to the effects of surface roughness at the contact point. The 
dynamic nature of the measurement when using a standard AFM is highlighted by 
the long-range force data that indicate that the surfaces remain connected through a 
capillary neck at large separations and that the extension of this neck occurs under 
conditions of constant volume. 
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Abstract—Preventing particle segregation while maintaining flow is critical to enable processing in 
a variety of industries. Where segregation or dusting is particularly troublesome, oil may be added 
to the powder to increase cohesion between particles or to attach flow-aids to the particle surface. In 
this investigation, the role of the capillary force produced by an oil annulus between surfaces and its 
influence on adhesion are explored. The results of direct measurement by atomic force microscopy are 
compared with ensemble powder properties, as well as a simple theoretical expression that predicts 
the magnitude of the adhesion force as a function of the separation distance. Agreement is achieved 
between theory and experimental data using only the volume of the oil annulus and its surface tension 
as variables. 


Keywords: Capillary force; adhesion; atomic force microscopy; powder mechanics; particles. 


1. INTRODUCTION 


The addition of liquid binders to bulk solids has been employed to increase the 
cohesive properties of the bulk material. This technique is often used to decrease 
the dustiness of a bulk material, to enhance agglomeration processes, to increase 
green strength during tablet and mold production, and to prevent segregation 
tendencies [1]. For example, roofing tile production companies may occasionally 
add oil to the roofing granules to prevent segregation of fine and coarse granules as 
they are deposited on the asphalt shingle. Food industries, chemical producers, 
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and even wood manufactures add liquid binders to their briquetted or extruded 
products to produce a more robust particulate ensemble. Conversely, the presence 
of liquid in bulk powder materials can significantly increase the unconfined yield 
strength of the bulk and create significant arching and rathole tendencies in process 
equipment. These flow problems are responsible for many billions of dollars 
in lost revenue, additional operator involvement, and high maintenance cost to 
powder manufacturers. The mechanism behind increasing cohesiveness through 
the addition of liquid binders is not well understood but, in part, arises from the 
capillary forces between the individual particles. Understanding of these capillary 
forces will help prediction of the cohesive properties acting within a bulk material. 

The bulk property of a particulate ensemble system that characterizes segregation 
tendencies, agglomerate production, and tablet integrity is the unconfined yield 
strength. This term is defined as the major principal stress acting on an unconfined 
sample of material, which causes shear failure. The actual failure of the bulk sample 
occurs at some angle relative to the major principal stress direction. At the failure 
surface, an individual particle must rise past the peak of an adjacent particle during 
shear, resulting in an expansion (dilation) of the bulk material. This expanding shear 
motion causes separation and reforming of liquid bridges between particles in the 
bulk assembly. Consequently, the force required to shear bulk particulate material 
depends on the sum of all the individual forces acting at the contact points between 
particles in the bulk. This implies that adhesion forces due to local inter-particle 
capillary forces should play an important role in increasing the bulk unconfined 
yield strength of a bulk assembly of particles. 

Figure 1 shows the increase in unconfined yield strength as measured by the 
Schulze Cell technique for fine quartz powder (Novacite from Malvern Mineral 
Co., Hot springs, AR, USA) as a function of increasing oil content. White mineral 
oil (Norton Co., Littleton, NH, USA) was added to the powder as a fine mist and 
mixed thoroughly before measurements. An increase in bulk strength of up to 150% 
is found to occur with the addition of only 1-2% oil by weight, depending on 
the consolidation pressure. Understanding the adhesion mechanisms, the particle 
topography, and the distribution of particle sizes in the bulk will allow us to predict 
the cohesive properties of bulk assemblies of particles with a knowledge of basic 
forces acting between them. The objective of this investigation was to develop a 
model that predicted capillary force as a function of the separation distance between 
particles in order to form the basis of a methodology to estimate the unconfined yield 
strength of the bulk assembly of particles. 

There is a significant body of literature concerning the adhesion of films and 
particles to surfaces in the absence of capillary forces [2-4]. Direct measurements 
of adhesion have been performed with most modern instrumentation including the 
surface force apparatus [5], atomic force microscope [6, 7], and interfacial gauge 
[8, 9]. There have also been a number of theoretical and experimental descriptions 
of the force of adhesion due to liquid in a capillary. That the amount of liquid 
(meniscus radius) condensed from such a system may be adequately described by 
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Figure 1. Dependence of unconfined yield strength on major principal stress for ground quartz 
(Novacite from Malvern Mineral Co.) in a Schulze cell as a function of the weight percent of added 
white mineral oil. Oil droplets between the particles are observed to greatly increase the cohesiveness 
between particles and thus the overall yield strength of the bulk powder. 


the Kelvin equation has been confirmed by a number of authors [10-14]. An early 
discussion of capillary phenomena related to particle adhesion was presented by 
Coelho and Harnby [15, 16]. Through Kelvin’s description of the lesser radius of 
curvature of the meniscus [17], the Laplace prediction of the pressure inside the 
meniscus [17], and inclusion of the adhesion component produced by the surface 
tension, a description of capillary adhesion was developed. 

More recently, Marmur [18] and de Lazzer et al. {19] have extended these basic 
theories for other geometries, environmental conditions, and separation distances, 
while more accurately describing the meniscus and its effect on adhesion. de Lazzer 
et al. additionally incorporated surface tension in their model and have discussed 
capillary adhesion for a variety of probe geometries. 

A direct measurement of capillary forces has been primarily performed in systems 
where liquid in a capillary is in thermodynamic equilibrium with the environment. 
Fisher and Israelachvili [20] investigated the adhesion between smooth mica 
surfaces in the presence of water and cyclohexane vapors and directly measured 
the relative contributions of solid—solid interactions and the capillary effect to the 
total adhesion force. Rabinovich er al. [21] further explored this area through direct 
measurement of the force of adhesion between fused quartz filaments in various 
semi-miscible liquids. Forces have also been measured in gaseous atmospheres 
saturated to various levels with water or an organic solvent [11, 22-24]. Capillary 
forces have also been measured between two oil droplets as they consolidate using 
the micropipette technique developed by Masliyah and co-workers [25]. 
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Figure 2. Illustration of the geometry of a liquid annulus formed in a capillary between a smooth 
spherical adhering particle and a rough substrate. The flat substrate is modeled as a single contacting 
asperity with the other surface features assumed to be equivalent to a plane representing the average 
of the surface profile. This geometry corresponds to equation (1) derived by Rabinovich et al. [22] 
and ignores the contribution of liquid surface tension. 


As described above, the formation of capillary bonds between particles is known 
to have a significant effect on the mechanical properties and transport of 
powders [1]. In a previous investigation [22], the role of nanoscale surface rough- 
ness in the capillary adhesion forces between silica and other systems in both dry 
and humid atmospheres was explored. Corresponding to Fig. 2 and based on the 
equations of Marmur [18] and de Lazzer et al. [19], a simplified expression was 
developed for the capillary adhesion force, Fg, between a smooth spherical particle 
and a flat substrate with nanoscale roughness: 


Fag = ~4ry Ros (1 - its). (1) 
2r cos @ 

In this relationship, y is the surface tension of the liquid, R is the radius of the 
adhering particle, Hsp is the maximum height of the asperities above the average 
surface plane, r is the lesser radius of meniscus, and cos@ = (cos 6p + cos 0s) /2, 
where Op and 6s are the contact angles of the liquid on the adhering particle and 
substrate, respectively. It should be noted that equation (1) is applicable only when 
the meniscus is large enough to span the distance between the adhering particle and 
the average surface plane, i.e. Has) < 2r cos @, and when the radius of the meniscus 
is small compared with the adhering particle. 

Although derived in Ref. [22] for rough surfaces, equation (1) is also valid for 
the capillary adhesion of a smooth particle and a smooth substrate separated by a 
distance H [20]. However, the radius of the meniscus in the above formula is fixed 
because r is determined solely by the relative humidity through Kelvin’s equation. 
Once the surfaces begin to separate, the liquid annulus rapidly decreases in size 
(evaporates) in order to maintain this radius. Hence, in cases such as condensed 
gases in thermodynamic equilibrium with vapors in surrounding media, the capillary 
adhesion should rapidly decrease as the surfaces separate. Due to the jump-out of 
the sphere on the cantilever, observed during the retraction of the tip, equilibrium is 
not maintained and the force measured corresponds to just the maximum adhesion 
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force. However, during powder transport the actual attachment/detachment process 
may occur rapidly and may not allow the radius of the capillary to reach equilibrium. 
Additionally, for the case of an oil annulus or other non-volatile liquid, the volume 
of the liquid would actually be conserved. In this case, the magnitude of the 
adhesion force is expected to decrease as a function of the separation distance but 
remain measurable. 

The present investigation demonstrates the significance of capillary force in the 
mechanical properties of bulk powders and presents direct measurements of the 
capillary adhesion force acting between surfaces separated by oil droplets of various 
sizes. However, theoretical expressions first need to be developed, to correlate 
experimental and predicted values. 


2. THEORETICAL FORCE OF CAPILLARY ADHESION FOR ANNULI 
OF CONSTANT VOLUME OR RADIUS 


2.1. Capillary force 


As mentioned above, equation (1) is expected to be valid for smooth surfaces, taking 
H as the shortest distance between the adhering particle and the flat substrate. 
For detachment rates faster than the evaporation time or for non-volatile liquids, 
such as oil, the radius of meniscus will be dependent on the initial volume of 
the liquid annulus rather than on the partial pressure of vapor around the annulus. 
Figure 3 shows schematically the liquid annulus formed between a particle and a 
flat surface separated by a distance H and Fig. 4 shows the same system at contact. 
Corresponding to Figs 3 and 4 and according to Marmur [18] and de Lazzer et 
al, [19], the adhesion force, Fyq, between a spherical particle of radius R and a 
flat substrate, connected by a liquid annulus, is the sum of two forces. We do 
not consider the classical DLVO forces here, as they would be much smaller than 
capillary forces that act at much larger distances. The first force, F', p, is the result of 
the pressure difference, AP, across the meniscus due to its curvature and the second 
force, F,,, is the vertical component of the surface tension acting tangentially to the 
liquid/air interface, given as 


Fig = Fap + Fy, = mx? AP — 2mxy sin(Op + a), (2) 


where x is the horizontal distance from the center of the annulus to its intersection 
with the adhering particle, y is the surface tension of the liquid, Op is the contact 
angle between the liquid and the particle, and a is the angle formed between the axis 
of interaction and the line of intersection between the meniscus and the particle. If 
r is the lesser radius of the capillary, AP may be substituted from the Laplace 
equation [17] 


AP =y(i/x —1/r), (3) 
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Figure 3. Illustration of the geometry of a liquid annulus formed in a capillary between a smooth 
spherical adhering particle and a smooth substrate when the particle and substrate are separated by a 
distance H. Note that if H is equal to Hasp, Fig. 2, for the same size particle and annulus, then the 
capillary forces would be equivalent. 


Figure 4. Illustration of the geometry of a liquid annulus formed in a capillary between a smooth 
spherical adhering particle and a smooth substrate when the separation distance, H, is zero. 


to obtain 


Fa 7 nys'f = x'[cos(@p + a) + cos 6s)] 
R H’+1—-VJ1—x? 


where R is the radius of the adhering particle, @s is the contact angle between 
the liquid and the substrate, x’ is the scaled annulus size (x’ = x/R), H’ is the 
scaled separation distance (H’ = H/R), and H is the separation distance between 
the adhering particle and the flat substrate. The angle aw can be calculated by the 
following equation: 


— 2sin(@p + a) r (4) 


x! 
——— }. (5) 
J1— =) 
It should be noted that de Lazzer et al. [19] graphically present the theoretical 


dependence of adhesion force as a function of x’, but do not develop the analytical 
expression for this dependence. 


e= arctan( 
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Israelachvili [26] also suggested a simple expression for capillary force as a 
function of distance, which should be valid for a small and constant volume of 
liquid annulus. However, this expression includes the value of d, shown in Fig. 3, 
which, in turn, depends on the distance H. Thus, the expression given by him 
requires knowledge of the relationship between d and H. In the limit of a small 
liquid annulus compared with adhered particle radius (x’ < 1) and contact between 
the particle and substrate, it is possible to obtain the classic approximate equation 
of capillary adhesion force: 


=x = —4ry cos(@) — 27yx’ sin(@ + a). (6) 

Using the above approximation, for non-zero separation distances (and neglecting 
the second term, the force due to surface tension, which is relatively small for small 
contact angles) equation (1) is obtained. 

The principal difficulty in using equation (4) or (6) to predict the adhesion force is 
that the experimental scaled size of the annulus, x’, is often unknown. Furthermore, 
de Lazzer et al. [19] suggest that the variables x’ and the scaled separation distance, 
H’, are independent of each other. For many systems this is not the case. The 
relationship between x’ and H’ in reality will depend on boundary conditions 
necessitated by a particular experimental system. As mentioned previously, if the 
detachment process is much faster than evaporation, then the volume of liquid in 
the annulus will remain relatively constant as the two surfaces are separated. This 
limiting case should be applicable also to non-volatile systems such as oil droplets. 
The alternative limiting case, related to thermodynamic equilibrium between the 
annulus and media, is more common for systems of volatile liquids (such as water) 
when detachment rates are slower. For these systems, the maximum stable radius 
of the meniscus is determined by the Kelvin equation and a boundary condition of 
a constant radius should be employed. Note that the constant volume or constant 
radius boundary conditions are not only possible in gaseous atmospheres, but should 
also be valid in semi-miscible liquid mixtures [21]. The next two sections describe 
methodologies to implement these different boundary conditions. 


2.2. Relationship between x’ and H’ for constant volume annulus 


According to Fig. 3, the volume, V, of a non-volatile liquid annulus can be 
approximately calculated through geometrical methods [27] as 


V =nx’y ~ (1/3)n(y — HY BR-y+4H), (7) 


where y is the vertical distance from the flat substrate to the intersection of the 
meniscus with the particle, x is the horizontal distance between the interaction axis 
y and the intersection of the meniscus with the particle, H is the minimum vertical 
distance between the sphere and the flat substrate, and R is the radius of the adhering 
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particle. For a spherical particle, x and y can be related as 


aoe ey 
—~=—+41-,/1-(-). 8 
R R - R (8) 

Substituting equation (8) in to equation (7) and assuming that x’ = x/R <« 1 (in 
order to limit the series expansion), the following bi-quadratic equation is obtained: 


: 4V 
AAS ae 0, (9) 


whose solution relative to x’ is 


v4 4 
x’ = ,/-2H’+2,/H?+—.. (10) 
a R3 


With this relationship, the dependence of the capillary force of adhesion, Faq, on 
the scaled separation distance, H’, given by equation (4) can be solved, using a 
calculated by equation (5) and x’ from equation (10). 


2.3. Relationship between x' and H' for constant radius annulus 


According to Fig. 3 or 4, the following relationship is obtained: 


= = = [cos(6s) + cos(@p + «)], (11) 


where y is the vertical distance from the flat substrate to the intersection of the 
meniscus with the particle, R is the radius of the adhering particle, r is the lesser 
radius of the meniscus, Os is the contact angle between the liquid and the substrate, 
Op is the contact angle between the liquid and the particle, and a is the angle formed 
between the axis of interaction and the line of intersection between the meniscus 
and the particle. Using equation (8) for small values of the scaled capillary size, x’, 
and equation (11), the capillary radius is derived as 


ro H'+0.5x” 
R_ cos(@s) + cos(6p + a)’ 


For contact between the surfaces, Fig. 4(H = 0 and hence H’ = 0), it follows from 


equation (10) that 
, 4 4Vo 
a ae 13 
= a R3 oP 


where the subscript 0 indicates zero separation distance. Substituting equation (13) 
in to equation (12), the following expression for the capillary radius at zero 
separation distance, 7o, is obtained: 


RY cos(@s) + cos(@p + ap)’ 


(12) 
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where 


x! 
_ 0 
Qo = arctan{ ——=—— ], (15) 
/ 2 
l= x5 
and Vo is original volume of the annulus at contact. Note that for this boundary 
condition the radius is constant, so for all separation distances r = ro. Therefore, 


equation (14) is equivalent to equation (12) and the relationship between x’ and H’ 
becomes 


Ag = 2./ Vo/m R3[cos(@s) + cos(@p + a)] ; 
7 cos(@s) + cos(6p + a) 


Hence, as for the constant volume annulus boundary condition, the adhesion force 
for an annulus of constant radius can be predicted from equations (4) and (5) but 
with the value of x’ from equation (16) instead of equation (10). Note that the 
capillary force of adhesion as a function of the separation distance can also be 
calculated for a constant meniscus radius boundary condition using equation (1) 
in combination with equation (14) for the radius. It should be noted that this 
equation does not account for the surface tension component of the capillary force. 
A comparison between these two approaches for a fixed radius of meniscus will be 
presented below. 


H®, (16) 


3. EXPERIMENTAL 
3.1, Materials 


Adhesion force was measured between 20-50 yum glass microspheres from Duke 
Scientific Corp. and silica substrates. The spheres were found to have a root mean 
square (RMS) roughness of less than 0.2 nm. Silica substrates were provided 
by Dr. Arwin (Linkdping University, Sweden) and were fabricated from 180 
nm thick oxidized silicon wafers of 0.2 nm RMS roughness. All silica surfaces 
were cleaned by rinsing in acetone, methanol, and DI water. Cleaning was 
performed immediately prior to experimentation. Also, before each experiment, 
particles were glued to tapping mode TESP rectangular atomic force microscopy 
(AFM) cantilevers, supplied by Digital Instruments Inc., using a low melting 
temperature resin, Epon R 1004f from Shell Chemical Company. White mineral 
oil of ‘Sharpening Stone’ grade was obtained from Norton Co., Littleton, NH, USA 
and was used to form the liquid interlayer between the particle and the substrate. 
The viscosity of the oil was 25 cP as measured by a capillary viscometer. The 
contact angle of oil on the silica surfaces ranged from 0° to 10°. These very low 
contact angles suggest that the oil may be partially hydrophilic. 
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3.2. Methods 


Surface forces were measured on a Digital Instruments Nanoscope Ila AFM 
according to the methods described by Ducker and Senden [28]. The spring 
constant ‘k’ for each cantilever was calibrated by the frequency method, suggested 
by Cleveland et al. [29]. The average value of ‘k’ was close to 27 mN/m; however, 
individual values of ‘k’ were used for each cantilever. The sphere, attached to a 
cantilever of known spring constant, was positioned close to the flat substrate. Then 
as the substrate was moved towards and away from the particle by a piezoelectric 
scanner, the deflection of the cantilever was monitored by a laser that reflected from 
the top of the cantilever onto a position-sensitive photodiode. In this manner, the 
force between the two surfaces as a function of the separation distance was obtained. 
The force—distance profiles were normalized by dividing the measured force by the 
radius of the sphere. In other words, the data are presented in terms of energy 
per unit area of flat surfaces. This enables determination of the force for different 
geometries and sizes of particles as long as the range of the forces is much smaller 
than the radius of curvature of the particles. 

To create the oil droplets, several larger drops of the order of a few millimeters 
were placed on the flat silica substrate. These drops were then disrupted by a gas 
jet that left many small droplets a few micrometers in size. In order to predict the 
adhesion force for either boundary condition described above, the initial volume 
of the capillary must be known. For the case of condensation of vapor or a semi- 
miscible liquid in a capillary, this can be derived from the geometry of the capillary 
and Kelvin’s equation. For non-volatile liquids (oil), the volume is dependent on the 
size of the oil droplets present on the surface and cannot be predicted from theory. 

Fortunately, in the present experimental system, the oil volume can be estimated 
from the experimentally observed distance at which the oil drops present on the 
substrate and the particle first touch. At this separation distance, H,, there is a 
sudden jump in the force—distance profile as the two oil drops begin to coalesce. 
The geometry of the liquid drop on a flat surface is shown in Fig. 5. Based on this 
geometry, the volume of the drop, Va, can be calculated as 


aH} 1 
Va= 4/1+——__], 17 
: 3 ( +) ee 


where Hj is the height of the oil droplet on each of the surfaces and @ is the contact 
angle. Note that in this approach the thickness of any wetting film is considered to 
be significantly smaller than Hy. However, spreading of the oil film and its thickness 
are described, for example, in Ref. [30]. 

Assuming that the radius of the liquid annulus is small compared with the radius 
of the particle and that the size of the droplets on the substrate and the particle is 
identical, the annulus volume V can be calculated using the experimental value of 
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Figure 5. Illustration of the geometry of a liquid droplet on a surface. The distance at which two 
drops on opposing surfaces interact is 2Hg and may be observed on the approaching force profile 
as Hg. 


H,, where H, is twice the individual droplet size: 


nH? 1 
V=2V= <{ 1 + ———__]}. 18 
: 12 ( +=) a 


4, RESULTS AND DISCUSSION 


Force—distance profiles were obtained upon approach and retraction of the two sur- 
faces. If the viscosity of the oil is too large, then a hydrodynamic term should be 
included in the force—distance profile. To make sure that this is not the case, the de- 
tachment of the surfaces was measured at different rates (0.1, 0.75, 1.9, and 10 Hz). 
The detachment velocity can be calculated from twice the scan size (2.5 wm) multi- 
plied by rate, which yields velocities of 0.500, 3.75, 9.5, and 50 4zm/s, respectively, 
for the four scanning rates. These results are presented in Fig. 6. The differences 
between the measurements are small compared with the noise inherent in the sys- 
tem. This conclusion is also supported by theoretical calculation. For example, for 
a sphere in oil (with a dynamic viscosity 25 cP) at a maximal velocity of 50 m/s, 
Stokes’ formula yields a normalized viscous resistance force equal to 0.024 mN/m, 
which is much smaller than the experimentally measured value. Hence it can be 
concluded that the hydrodynamic force is significantly smaller than the magnitude 
of the capillary force. Therefore, ignoring the hydrodynamic force in the above- 
mentioned equations for capillary force is correct for our experiments. 

Force curves were obtained for different samples, drop sizes, cantilevers, and even 
using two different AFM instruments. The force—distance profiles presented in 
Figs 7-9 were measured at a rate of 0.75—1 Hz. Each example curve was taken 
on a different day with fresh samples. Note also that the particle size (14-25 um 
radius) and the oil droplet volume (approximately 7 x 108 to 180 x 10° nm’) are 
significantly different. The example in Fig. 9 was obtained from a second AFM. In 
Fig. 7, both the approaching and the retracting curves are shown. As can be clearly 
seen in Fig. 7, at some separation distance, corresponding to H;, there is a jump 
in the approaching force—distance profile. This jump corresponds to the formation 
of a stable liquid annulus between the particle on the AFM tip and the substrate. 
After the jump, the approaching curve follows an equilibrium path until contact. 
Upon retraction of the two surfaces, the adhesion force is observed to have the same 
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Figure 6. Retracting (detaching) interaction force profiles normalized by particle radius as a function 
of the separation distance for a particle radius of 14 zm. The four detachment rates shown (0.1, 
0.75, 1.9, and 10 Hz) correspond to velocities of 0.500, 3.75, 9.5, and 50 yzm/s, respectively, and are 
identical within the resolution of the technique. This indicates that effects from the viscosity of the oil 
(25 cP) are small compared with the equilibrium capillary forces. 


form as the approaching curve. This suggests that the forces being measured are 
indeed primarily due to a capillary force at a near mechanical equilibrium state for a 
given separation distance. It can also be seen that the process whereby the capillary 
first forms is much faster than the approach rate. It should also be noted that upon 
retraction the annulus does not break at H,; rather, the liquid continues to stretch 
to larger separation distances. Usually the force at which the meniscus broke in 
the retracting curve was too small to be observed, compared with the background 
noise. However, on some curves a distinct jump back to zero interaction force was 
observed. The distance at which these breaks occurred was not always consistent. 
Also shown in Figs 7—9 are the theoretical predictions assuming an annulus with 
a constant volume boundary condition [from equations (4), (5), and (10): curves 
1 in Figs 7-9], a line suggesting a constant capillary radius without the surface 
tension component [from equations (1) and (14): curves 2 in Figs 7-9], and a line 
suggesting a constant capillary radius with the surface tension component [from 
equations (4), (5), and (16): curves 3 in Figs 7-9]. As expected for the case of 
an oil droplet, although the lines representing the constant annulus radius condition 
(lines 2 and 3) adequately predict the maximum adhesion force (at contact), they do 
not describe the adhesion force profile as a function of the separation distance well. 
Furthermore, a significantly lower energy of adhesion (integral of the force profile) 
would be predicted for this case than from the theory for constant annulus volume. 
The relatively small difference between these two curves 2 and 3 should be related 
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Figure 7. The thick profiles are the approaching and retracting interaction forces normalized by 
particle radius as a function of the separation distance for a particle radius of 14 4m. Curve 1 is the 
predicted capillary adhesion force profile derived under a constant annulus volume boundary condition 
from equations (4), (5), and (10). Line 2 is derived from equations (1) and (14) for a constant meniscus 
radius boundary condition where the surface tension component is neglected, Line 3 is derived from 
equations (4), (5), and (16) for a constant meniscus radius boundary condition where the surface 
tension component is taken into account. The fitting value of the volume of the liquid annulus is equal 
to 80 x 108 nm} and surface tension to 27.5 mN/m. Contact angle 65 = 6p = 10°. 


to different approximations made in equations (1) and (4) and to the surface tension 
component of the capillary adhesion force. As shown in Fig. 9, this difference 
disappears for contact angle 65 = 6, = 0°. 

In Figs 7-9, the theoretical predictions arising from the constant annulus volume 
boundary condition (curve 1) seem to fit the experimental data better. This indicates 
that the approximations made in the above derivations are appropriate for this 
system and that the principal origin of the adhesion is the annulus formed between 
the two surfaces by the oil. Furthermore, it seems that the rate of detachment is 
slow enough that at non-zero separation distances the liquid annulus is able to form 
a meniscus defined by the geometry of the capillary, the volume of the oil, and its 
surface tension. We can also note that the calculation on the basis of the expression 
suggested by Israelachvili [26] is in good agreement for the constant volume case 
as shown in curve 1. 

As observed in the presented graphs, there is a large difference in behavior for the 
constant volume (curve 1) or constant radius (curve 2 or 3) boundary conditions as a 
function of the separation distance. This difference may be especially important in 
the modeling of powder flow or adhered particles. For powder flow, it should be the 
energy (integral of the force profile) of adhesion during the detachment process that 
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Figure 8. The thick profile is the retracting interaction force normalized by particle radius as a 
function of the separation distance for a particle radius of 25 wm. Curve 1 is the predicted capillary 
adhesion force profile derived from equations (4), (5), and (10) under a constant annulus volume 
boundary condition. Line 2 is derived from equations (1) and (14) under a constant meniscus 
radius boundary condition where the surface tension component is neglected. Line 3 is derived from 
equations (4), (5), and (16) under a constant meniscus radius boundary condition where the surface 
tension component is taken into account. The fitting value of the volume of the liquid annulus is equal 
to 170 x 10° nm? and surface tension to 25.5 mN/m. Contact angle 6g = 6p = 10°. 


controls the bulk behavior. For example, a water-filled capillary and an oil-filled 
capillary may provide a similar maximum adhesion force, but the energy needed to 
separate the two could be quite different and lead to dramatic differences in handling 
characteristics such as flow of powders. Also, to initiate powder flow or remove 
particles from a surface, different forces would have to be applied. For example, 
not only would a mechanical oscillation have to be applied which is enough to 
overcome the capillary adhesion, but also the duration must be long enough (or 
amplitude large enough) to allow the liquid annulus between the two surfaces to be 
broken. These concepts as they relate to powder flow in the presence of capillary 
forces will be explored further in an upcoming article. 

The theoretical predictions described above depend on two variables: the volume 
of the liquid annulus and the surface tension of the liquid; and the former is not 
known experimentally. Each measured capillary adhesion profile and the ones 
presented in Figs 7—9 were fitted using the various values of these two variables. 
For all the measured adhesion profiles, the fitting value of surface tension used was 
26.542 mN/m. However, using the Wilhelmy plate technique [17] with a platinum 
blade, the surface tension was found to be 3040.5 mN/m. Although these values are 
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Figure 9. The thick profile is the experimental retracting interaction force normalized by particle 
radius as a function of the separation distance for a 14 um particle. Curve 1 is the predicted 
capillary adhesion force profile derived under a constant annulus volume boundary condition from 
equations (4), (5), and (10). Line 2 is derived from equations (1) and (14) under a constant meniscus 
radius boundary condition where the surface tension component is neglected. Line 3 is derived from 
equations (4), (5), and (16) under a constant meniscus radius boundary condition where the surface 
tension component is taken into account. The fitting value of the volume of the liquid annulus is equal 
to 7 x 108 nm? and surface tension to 26.0 mN/m. Contact angle 6s = Op = 0°. 


close, the difference may represent a systematic error associated with the calibration 
of the cantilever. 

The volume of the liquid annulus was also used as a fitting parameter in 
the prediction of the adhesion force curves. However, as described earlier, 
equation (18), this volume can also be calculated from the distance upon which 
the liquid droplets on the two surfaces first make contact, H,. A comparison of the 
fitted annulus volume and H, using equation (18) should show a cubic dependence 
and can be used to extract a value for the contact angle. Figure 10 shows this 
correlation (on a log/log scale) for a number of experimentally measured force 
profiles. The straight line has a slope of 3, indicating a cubic dependence and an 
adequate correlation. Moreover, the intersection of the correlation line with the 
ordinate axis can be used to calculate the contact angle from equation (18). The 
calculated value of 3.7° fits well with the measured values which fell between 0° and 
10° for oil on the silica surface. Hence, it appears that the approximations developed 
in this investigation are appropriate for modeling capillary adhesion forces between 
surfaces mediated with oil. 
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Figure 10. Fitting value of the volume of liquid annulus (from constant annulus volume boundary 
condition) as a function of the separation distance at which contact is first made, H,, as determined 
from the approaching interaction force profiles. The symbols are experimental values and the line is 
the best fit with a slope of 3 on the log scale. That H, and the fitting annulus volume have a cubic 
dependence indicates that equation (18) is valid. Furthermore, from the line’s intercept at the ordinate 
axis and equation (18), the contact angle of the oil on glass is found to be 3.7°, which correlates well 
with the measured values, which ranged from 0° to 10°. 


5. CONCLUSIONS 


In this investigation, the role of the capillary force produced by an oil annulus 
between surfaces and its influence on adhesion and powder mechanics was explored. 
Although the maximum adhesion force has been investigated in the literature for 
a number of systems, the distance-dependent nature of the capillary force has 
not been verified experimentally. In order to interpret this behavior, a simplified 
theoretical model of the capillary force of adhesion as a function of the separation 
distance was developed with boundary conditions for a constant annulus volume 
and for a constant annulus radius. For surfaces with intervening oil droplets, the 
boundary condition of a constant annulus volume was found to correspond to the 
experiment. Furthermore, it was found for this system that the oil droplet during 
detachment approximated the mechanical equilibrium state for surfaces separated 
by a specific distance. The calculation of the distance-dependent capillary force of 
adhesion is expected to be important in the prediction of adhesion energy required to 
significantly control the flow behavior of powder systems, or in removal of particles 
from a polished surface. 
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Abstract—The effect of relative humidity (RH) on the interactions of AFM tips and colloidal probes 
with hydrophilic silica substrates is investigated. Both friction and adhesion are studied. For the 
case of a colloidal probe the interaction is characteristic of a multiasperity contact, the adhesion 
increased with increasing RH and above a certain threshold relative humidity a large increase in 
adhesion was measured. This behaviour is explained in terms of a recent model where the Kelvin 
radius of the condensate becomes larger than some characteristic roughness on the surface. The 
interaction between the tip and the substrate also exhibited an increase in adhesion above a threshold 
RH although the increase was much less marked than with the colloid probe. The friction decreased 
with increasing humidity for both tip and colloid probe although the friction force was much less 
sensitive than adhesion to changes in RH. Stick-slip behaviour was observed between tip and substrate 
for all humidities at high loads, but only at the lowest RH (about 5%) it was observed at all loads. 
At higher humidity the behaviour became increasingly continuum on the experimental timescale, 
presumably due to viscous contributions from the water. Stick-slip was not observed for the colloidal 
probe friction measurements. 


Keywords: Friction; adhesion; capillary condensation; atomic force microscope; surface force. 


1. INTRODUCTION 


Local adhesion and rheological properties of dry powders or biofibre networks are 
the determining parameters for the behaviour of these materials at the macroscopic 
scale, and the effect of relative humidity on the formation of capillary condensates 
between contact points has long been known to play a key role. Direct measurement 
of the forces between particles or fibres, however, has only rather recently been 
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feasible, since the development of the colloid probe technique [1], and so the 
quantification of these parameters has been lacking. 

The development of the Surface Force Apparatus [2] in the early 1970s made 
the first measurement of capillary condensation adhesion possible and Kelvin’s 
equation was verified down to rather low vapour pressures [3, 4]. Subsequent 
measurements [5] with an improved experimental setup showed a clear trend in 
the variation in the measured pull-off force between mica sheets interacting in 
undersaturated vapours of water and nonpolar solvents. A discussion of capillary 
condensation and the consequent adhesion which arises between two bodies in 
contact can be obtained from a now biblical reference work on surface forces [6]. 
We will confine ourselves here to reproducing the Kelvin equation, and the 
expression for the adhesion force (F,) due to capillary condensate between two 
perfect spheres with a combined interaction radius R, assuming that the liquid has 
a contact angle of zero (the combined radius can be thought of as the radius of the 
equivalent sphere-—flat interaction). The Kelvin equation relates the mean radius 
of curvature rx of the condensate meniscus to the relative vapour pressure p/ po, 
surface tension of the liquid y, gas constant R, temperature T and molar volume, 
V, of the condensing fluid (Fig. 1). 


V 
cS (1) 
RT |n(p/po) 
Fo = 47 Rgy. (2) 


The pull-off force, F,, is obtained from considering the area over which the Laplace 
pressure operates and it so happens that the area and Laplace pressure have inverse 
dependencies on the Kelvin radius, which implies that F, is independent of the 
Kelvin radius and thus the relative humidity. This is contradicted by common 
experience which tends to suggest that the adhesion increases with increasing 
humidity. Recently, a spate of articles have addressed the humidity issue [7-20]. 
The picture is by no means unified and the adhesion has been shown to increase 
[10, 17, 18, 20] or decrease [19, 21] with relative humidity, depending on the work 
in question. Inevitably though, the surface roughness of the samples proves to be a 
critical factor in determining the magnitude of the surface forces. This is particularly 
relevant for AFM studies when the surface roughness, which typically is of the 
order of a few nanometres, is comparable in size to the Kelvin radius [6]. This is 
shown schematically in Fig. 2. Ata et al. [7] recently showed that the discrepancies 
between measured adhesion and theoretical predictions could be largely eliminated 
using Rabinovich’s model [22, 23] of asperity contacts to explicitly account for 
surface roughness. 

Another issue with, for example, dry powders is that their rheological properties 
are dependent both on lateral forces as well as adhesion forces. Certainly plug 
flow of powders is influenced by particle—wall friction, and the role of particle 
friction in mechanisms for bed fluidising (a requirement for flow) is still the 
subject of debate. It is, therefore, instructive to attempt to understand the influence 
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Figure 1. Schematic representation of capillary condensation between a smooth sphere and a flat 
surface. R is the radius of the sphere, rx is the Kelvin radius. A contact angle of 0° is assumed on 


both surfaces. 


High humidity Low humidity 


rKe>H m<H 
) i at 


Figure 2. Schematic diagram to show how the surface roughness and the RH influence capillary 
condensation. The surfaces with associated surface roughness can be thought of as the contact of a 
smooth sphere with a surface bearing asperities of height H (which is characteristic of the roughness 
of the two surfaces). Only when the Kelvin radius is larger than H can a large capillary condensate 
form with commensurate increase in adhesion. 


of capillary condensation on frictional forces. It is worth noting that, although 
intuitively expected, there is as yet no unambiguous relationship between adhesion 
(or pull-off) measurements and observed frictional behaviour, even for what might 
be considered the ‘simplest’ case of interfacial friction. This confusion may be 
due to the generally overlooked effect of capillary condensation, since a capillary 
condensate will tend to raise the measured adhesion and possibly change the sliding 
regime from ‘interfacial’ to ‘lubricated’. Again, the current literature presents 
diverse results with observations of friction decreasing [11, 13, 24, 25], increasing 
[15, 26] or being largely insensitive to changes in relative humidity [14]. The role 
that water plays during interfacial sliding remains a source of contention: on the one 
hand, lubrication by a liquid water layer is credited as reducing friction as humidity 
increases, whilst, on the other hand, the opposite phenomenon of increased friction 
with humidity is attributed to viscous drag due to a water meniscus. 

In this work we present measurements of both the adhesion and frictional 
behaviour of silica surfaces as a function of relative humidity. Using similar 
substrates for measurements with both sharp tips and macroscopic spherical probes 
allows us to evaluate the influence of interaction geometry on capillary condensation 
and its effect on adhesion and friction. 
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2. EXPERIMENTAL 
2.1. Substrates 


The substrates used throughout the work were polished silicon wafers, thermally 
oxidized to produce a SiO, layer of 170 nm (kindly provided by Dr. Stefan 
Klintstrém, University of Linképing, Sweden). AFM imaging revealed an rms 
roughness of 1-2 nm over a scan size of 1 zm’. The silica substrates were cut 
into 1-cm* squares and cleaned by thorough rinsing in water then in ethanol and 
followed by plasma treatment (PDG-32G Plasma Cleaner, Harrick Scientific, USA) 
on medium setting for 1 min and placed immediately into the AFM. A water droplet 
was seen to perfectly wet the substrate after cleaning. 


2.2. Control of relative humidity 


A simple humidity chamber consisting of an air-tight Perspex box was built to 
house the AFM. Initially the chamber was dried to 0% RH using containers of P2Os5 
powder to remove moisture for typically 2 h whilst using a fan to ensure thorough 
circulation. The humidity was varied by placing containers of various concentrated 
salt solutions or silica gel inside the chamber and monitored continuously with 
a humidity probe (Vaisala, Helsinki, Finland). The chamber atmosphere was 
equilibrated for 1 h, after which the fan was turned off prior to conducting 
measurements. The temperature remained constant throughout at 22 + 0.2°C. 


2.3. Colloidal probe preparation 


Colloidal probes were prepared and used according to the standardized methodol- 
ogy [27]. Tipless rectangular cantilevers (NSC12, Mikromasch, Tallinn, Estonia) 
were functionalised by attachment of glass beads (R ~ 10 ym) (Duke Scien- 
tific, USA) using a very small amount (pl) of quick setting two-part epoxy resin 
(Araldite™). Two etched tungsten wires attached to a micromanipulator arm were 
used to position first a tiny quantity of epoxy and then a glass bead at the tip of the 
cantilever under microscopic control (Nikon, Japan). The cantilever was left for at 
least 12 h to allow the glue to fully cure. The functionalised cantilever comprises 
the so-called colloid probe. The radius of the attached sphere was determined by 
optical microscopy and this value was used both for normalising adhesion values 
and in the calculation of frictional forces. Immediately prior to measurement the 
AFM cantilever was cleaned by rinsing in Milli-Q water then in ethanol then blown 
dry under nitrogen and finally plasma treated (PDG-32G Plasma Cleaner, Harrick 
Scientific) on medium setting for 1 min. AFM cantilevers with sharp integrated 
tips were cleaned in the same way as for the colloid probes. Reverse imaging of 
a standard spiked calibration sample (Mikromasch) was used to determine the ra- 
dius of curvature and ensure that the tip had no obvious defects. The tip radii were 
determined to be around 10-25 nm. 
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2.4. Force measurements 


AFM force and friction measurements were carried out using a Nanoscope IIIa 
Multimode atomic force microscope (Digital Instruments, USA). The normal spring 
constant of the cantilever was determined from the change in resonant frequency 
after attachment of a series of tungsten spheres to the end of the cantilever [28]. 
The normal spring constants were determined to be 14.5 + 0.6 N/m for the 
tipless cantilevers and 40 N/m for the cantilevers with tips. A linear correlation 
was observed between the resonant frequency of the unloaded cantilever and the 
calculated normal spring constant for 20 cantilevers from the same batch. This 
indicated a consistent material property of the cantilevers with the slight variation 
in spring constant being attributed to a difference in the thickness, most likely from 
the thickness of the reflective coaling. 

Quantitative measurements of the friction force are possible once the torsional 
spring constant of the AFM cantilever is known. The cantilever torsional spring 
constant was determined according to two recently developed calibration protocols. 
In the method of Feiler et al. [29], a glass fibre attached orthogonally to the end 
of the cantilever provides torque as the cantilever is bought into contact with a 
flat silicon substrate. The second calibration procedure was a method proposed by 
Bogdanovic et al. [30], in which a second cantilever with integrated tip glued upside 
on the lower surface acts as a pivot which twists the cantilever as it is brought into 
contact with the pivot. The procedure was simplified by pressing the cantilever 
at three contact points only, one in the centre line of the cantilever (where the 
probe was to be mounted) and one at either side as close as possible to the outer 
edge. Since the width of the cantilever could be determined accurately using optical 
microscopy, this avoided the use of the piezo movement to measure the distance. 
Both calibration methods were in quantitative agreement and yielded values for the 
torsional spring constant varying between 2.7 and 4.1 x 107 N m/rad. There was a 
linear correlation between the normal and torsional spring constants. 


2.5. Friction measurements 


The friction force was calculated from so-called friction force loops by taking 
the average friction force between the forward and reverse scan directions as the 
substrate was moved under the colloidal probe [31]. In all measurements a scan 
length of 1 44m was used. The friction force was measured as a function of 
increasing then decreasing load and in some cases as a function of scan rate at 
constant load. 


3. RESULTS 


The variation in adhesion between a silica sphere and a silica wafer is shown in 
Fig. 3. The adhesion pull-off force is plotted as a function of relative humidity. 
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Figure 3. Variation of pull-off force (normalized by radius R = 10 ym) with RH between silica 
spheres and a silica substrate. A clear threshold is observed at RH value above 60%. 


A clear threshold is observed at about 60% RH above which there is a significant 
increase in the adhesion. The observation of a marked increase in adhesion above 
a critical threshold RH has been observed previously in a number of other studies 
[7, 16, 20]. As discussed earlier, this is in contravention with the predictions from 
the simplest theory of the capillary adhesion between smooth surfaces in which the 
adhesion is independent of the Kelvin radius and, hence, the relative humidity. The 
reported critical RH% threshold varies considerably between different studies which 
reflects the differences in both surface chemistry and geometry of the substrates 
employed. However, for measurements on silica substrates (most commonly used 
for AFM measurements) there is a general consensus of a critical threshold of 
60 + 10%. The main reason for discrepancies between measured adhesion forces 
and theoretical predictions, and indeed a major contributor to variation between 
AFM studies in general, is inevitably due to surface roughness [7, 8]. If the models 
of McFarlane and Tabor [32] and, more recently, Rabinovich [22, 23] are applied 
to account for surface roughness then the resulting observed threshold can be 
understood in terms of the relative magnitudes of the Kelvin radius and the surface 
roughness [7]. 

The variation in pull-off force for the case of a tip interacting with a silica substrate 
is shown in Fig. 4. Similarly a transition to larger adhesion is observed at relative 
humidities above 60% though the increase is less dramatic than that observed for 
the spherical particles, presumably because the number of asperities is smaller. 
This transition, which is consistent with some other AFM studies of tip—substrate 
interactions, is again indicative of the critical relationship between the Kelvin radius 
and asperity height. 

The friction force as a function of load between a colloid probe interacting with 
a silica substrate at various RH is shown in Fig. 5. The main graph shows the 
friction behaviour as the load is increased, the inset shows the unloading behaviour. 
Classically, friction—load relationships are linear and intersect the origin, and are 
characterised by a slope which is defined as the friction coefficient (Amontons law). 
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Figure 4. Pull-off force for the case of a tip interacting with a silica surface as a function of RH. Once 
again a threshold is observed at high RH above 60% RH, though the increase is less dramatic than that 
observed in Fig. 3. 
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Figure 5. Friction force-load relationship of a glass sphere against a silica substrate as a function 
of RH. The main graph shows the loading data, the inset shows the unloading data. The symbols 
refer to RH 88% (circles), 70% (diamonds), 60% (triangles), 20% (squares), 5% (crosses). The 
friction coefficient decreases with increasing humidity with a dramatic decrease above 60% RH. The 
hysteresis in the friction loops also increases with humidity. 


This type of behaviour is indeed observed (except that the lines do not quite intersect 
the origin, due to the adhesion modifying the effective load) and is qualitatively 
similar for all RH values. The general trend for the data is a decreasing friction 
coefficient with increasing humidity. The friction force measured at the highest 
relative humidity has a significantly lower friction coefficient than at the other 
relative humidities over most of the loading range but displays an increase in friction 
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force above applied loads of 3000 nN. The capillary condensate thus appears to act 
as a lubricant, a point we will address in the Discussion. It is interesting to note that 
the common association of a higher friction coefficient with a higher adhesion force 
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Figure 6. Friction force—load relationships for various relative humidities between a tip and a silica 
substrate during increasing load (a) and decreasing load (b). The symbols refer to RH 88% (circles), 
70% (open diamonds), 58% (triangles), 31% (filled diamonds), 20% (squares), 5% (crosses). There is 
a decrease in the friction coefficient with increasing RH. 
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is clearly not borne out here since the friction coefficient decreased significantly 
above the critical RH threshold whereas the adhesion increased dramatically in this 
RH regime (Fig. 3). In this case though the adhesion is not associated with the 
surface contact but rather with the surrounding condensate whereas friction occurs 
as usual at the surface contact. 

The case of an AFM tip interacting with an oxidized silicon wafer is shown in 
Figs 6 and 7. Figure 6a shows the friction—load relationship at different humidities 
as the load is increased, and Fig. 6b shows the equivalent curves for unloading. The 
conclusions are the same in each case; the friction force decreases with increasing 
humidity, though by no means as dramatically as the adhesion changes. Friction 
coefficients obtained from linear fits to the data vary from 0.087 for 4% RH to 
0.063 for 80% (loading curve). 

The friction-load relationships were reproducible for all humidities except for 
those conducted at 4% RH. As seen in Fig. 7 there is a time effect for the case of 
4% RH. On the very first friction loading cycle the friction coefficient is initially 
much lower, but at higher loads it increases dramatically to a higher friction regime 
in which it remains for subsequent measurements. Note that this effect is obtained 
again for the same tips if the ambient air is dried again to 0% RH using POs and 
then the system is equilibrated as before; thus, we can rule out the possibility of tip 
blunting during the first measurement as the cause of the increase in friction force. 
Instead, we attribute this effect to a harvesting of water as the tip continues to slide 
across the surface and builds up a water trail along the surface. 

The effect of the rate at which the friction force measurements are performed 
has also been studied. If the capillary condensate was sufficiently developed 
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Figure 7. Friction force—load relationship between a tip and a silica substrate at a RH of 4% showing 
the first loading and unloading measurement (filled symbols) and then a subsequent measurement 
(open symbols) after which the friction coefficient remains fairly constant. 
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Figure 8. Friction force—load relationships between a tip and a silica substrate at 70% RH as a 
function of scan rate from 1 to 10 Hz. 


to behave as a hydrodynamic lubricant then the friction force should decrease 
with increasing scan rate as predicted by the Stribeck model, and as observed 
previously [33]. However, for this to occur the capillary condensate would have to 
be either physically dragged along by the tip or condense rapidly on the timescale 
of the experiments. Figure 8 shows the friction—load behaviour at 70% RH at scan 
rates varying from 1 Hz to 10 Hz, i.e., a 10-fold increase in scan speed from 10 xm/s 
to 100 m/s. There is virtually no variation in the friction over this range of rates 
whereas in an earlier work involving two silica surfaces immersed in water [33] 
the friction coefficient was reduced by 25% over the same span. We note that at 
the lowest humidity studied there is a small increase in the friction coefficient with 
increasing scan rate which may be attributed to an insufficient amount of liquid in 
the condensed drop to provide effective lubrication. Evidence that both the scan 
rate and the amount of liquid in the contact region influence the sliding mechanism 
is seen clearly in the friction traces with the onset of stick-slip. Generally stick- 
slip behaviour during sliding is not observed with colloid probe measurements of 
friction. A notable exception is the work of Cain et al. [9] who did measure stick- 
slip between colloid probes and silica substrates. We did not observe stick-slip 
motion using colloid probes at any humidity; however, stick-slip phenomenon was 
observed for measurements using AFM tips over the full range of humidities, though 
it was most pronounced at the lowest case of 4% RH where stick-slip was observed 
at all loads. At high humidities the stick-slip behaviour was observed only at high 
loads. Figure 9 shows a periodic artefact which changes its spatial frequency as 
the scan rate is stepwise increased from top to bottom at a fixed applied load. 
Spectral analysis of the different regions of the images indicates that the wavelength 
changes linearly with scan rate which indicates that the spatial wavelength is the 
manifestation of a constant temporal frequency. The fact that stick-slip is not 
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Figure 9. (a) A 1 x 1 um scan in friction mode (scan angle 90°) of a silica substrate using a sharp tip at a relative humidity of 60%. The load is unchanged 
but the scan rate is stepwise increased down the image starting at | Hz and increased to 5 Hz in 0.5-Hz steps. The changing spatial frequency corresponds to 
a constant temporal frequency. (b) and (c) show friction loops taken at 1 Hz and 5 Hz, as indicated by the arrows in (a), plotted as friction deflection signal 
(arbitrary units) against distance travelled showing no stick-slip behaviour at low scan rates and clear stick-slip behaviour at higher scan rates. 
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as pronounced at higher humidities is strong evidence for the presence of bound 
water which modifies the frictional properties somewhat and presumably renders 
the contact as ‘boundary lubricated’, rather than interfacial friction. The presence of 
a thin (approximately monolayer) layer of water on silica at atmospheric pressures 
is hardly controversial and has been described often in the past. 


4. DISCUSSION 


The results of both Ando [15] (where a truncated tip interacted with rather large 
artificial asperities) and Optiz et al. [34] (a tip interacting with both hydrophilic and 
hydrophobic silicon under UHV conditions as well as in air) indicate that at low 
humidity the friction force is lower than at higher humidities. Optiz et al. showed 
that under UHV a layer thickness corresponding to a water molecule was present 
whereas in ambient conditions this was closer to 10 molecular layers. These authors 
have argued that the increase in friction force is due to viscous effects in the water 
surrounding the contact point (Optiz et al. tend to the view that the contact itself 
is solid—solid, though the evidence for this is unclear). These observations are 
supported by the fact that our ‘first contact’ friction run in Fig. 6 was initially at low 
friction, but on increased time in contact the friction behaviour rapidly translated 
into a more reproducible higher friction regime. We interpret this as a form of 
harvesting, any condensate which is formed and deposited in the sliding trail is 
gradually harvested by the sliding tip [35]. Despite the low relative humidity, any 
deposits therefore appear not to evaporate spontaneously but to be stable [35-37]. 
The increased friction is thus due to the same viscous dissipation as inferred by 
Optiz et al. and Ando. At higher RH values, however, we clearly observe a decrease 
in friction, which we ascribe to lubrication. That is to say: 


e at very low RH and short contact times only a thin, rigidly adsorbed water layer 
is present on the surface with a solid (elastic)-like response so the surfaces slide 
with little dissipative loss; 


e as the contact time is increased or the relative humidity is raised, liquid-like 
water is present around the contact and leads to increased dissipation and 
commensurately higher friction; 


e at high relative humidities the contact can be considered to be immersed in 
water, a thicker water film will be adsorbed onto the (isolated) surfaces and while 
friction appears not to be reduced due to hydrodynamic lubrication, the separation 
of the surfaces is likely to be larger for a given load and the water layer thickness 
may be sufficient to act as a boundary layer lubricant. 


The fact that at low humidity we observe stick-slip behaviour at all loads gives 
further support to the idea that the thin layer of adsorbed water behaves like a rigid 
film. At higher humidities, however, when the volume of the capillary condensate 
increases significantly, the viscosity of the liquid layer “damps out’ the stick-slip. 
At high loads, the stick-slip behaviour returns, suggesting that at the higher loads 
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bound water is increasingly displaced until the surfaces reach a separation of only 
a few water molecules. We note that Salmeron and co-workers [21, 36, 38], backed 
by spectroscopic evidence, invoke the concept of a structural change in the water 
adsorbed onto mica in going from a tightly bound rigid ice-like structure ‘phase I’ 
at low humidities to a fluid-like island layer ‘phase II’ at higher humidities. 

It is interesting that for a tip interacting with a surface, which might be considered 
a good model for a single asperity contact, the adhesion is not constant with RH, 
as would be predicted by the simple model in equation (2), which is appropriate 
for smooth bodies (or single asperity contacts). Since the trend is the same as for 
a glass sphere we assume that the explanation for this is the same, i.e., there is a 
surface roughness effect even at that scale and when the Kelvin radius exceeds the 
typical asperity size, the contact is flooded with water and an increased adhesion is 
observed. We note that irrespective of which experimental geometry is employed, 
there is an additional effect i.e., the amount of adsorbed (as distinguished from 
capillary condensed) water on each surface will also increase with increasing 
humidity, even at large separations (see friction force discussion above) which will 
also affect the adhesion. 

An interesting aspect of the friction—load relationships is their apparent linearity 
despite adhesion due to capillary condensation. Previously, it has been shown 
that friction measurements of adhesive contacts show a contact area dependence 
rather than a load dependence (at least at low loads) see, e.g., Refs [39, 40] and 
that the area can be described well by contact mechanics theories. Such friction— 
load relationships are characterised by a decreasing gradient with increasing load, 
eventually becoming linear at higher applied loads as the contact area asymptotes. 
Such observations have provided the hitherto absent proof that the dissipative 
frictional mechanism is directly related to the true area of contact, a fact that 
Amontons law, with its apparent area independence had long disguised. In this case 
we do not see a strong deviation from linearity and this can be easily explained 
in the following way: while the interaction between the surfaces as a whole is 
adhesive (the Laplace pressure acts over the area covered by the condensate), 
the actual contact of the surfaces themselves is not necessarily adhesive. Two 
glass or silica surfaces, for example, interacting in pure water do not adhere due 
to the presence of hydration forces [41-48]. It is thus inappropriate to invoke 
contact mechanics theories for adhesive bodies (which necessarily involve a single 
asperity contact) to describe the area of contact; rather the friction is expected to 
continue to follow the multi-asperity contact behaviour where increasing load leads 
to increasing numbers of asperity contacts. This, of course, is the Amontonsian 
regime of linear relationship between load and friction, and is indeed observed, 
except at the very highest humidity. Note that both the multi-asperity contact model 
of friction [49] and the single asperity contact model predict a linear friction—load 
relationship at high loads, in the former case due to increased asperity contacts, 
and in the latter case due to the increased work of separating the surfaces to permit 
sliding as predicted by the cobblestone model [50-52]. 
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5. CONCLUSIONS 


The behaviour of an AFM tip and a glass sphere with curvature in the micrometer 
range is qualitatively similar both in terms of friction and adhesion for their variation 
with relative humidity. This raises the question as to whether an AFM tip can be 
treated as a model for a single asperity interacting with a surface. We find it implicit 
in this result that, for example, the non-linear adhesion behaviour is determined 
by the same mechanism in each case. If the mechanism is correct, i.e., a marked 
increase in adhesion is associated with the Kelvin capillary radius exceeding the 
surface roughness and permitting contact flooding, then a direct consequence must 
be that even the tip-surface contact is multiasperity in nature. 

The fact that the frictional behaviour also follows the same trend for both tip and 
sphere implies that although the volumes of capillary condensates must be very 
different, the influence that the condensed water has on the sliding mechanisms is 
similar in the two cases. 

At a fundamental level we also note for the benefit of the continuing debate as to 
the relationship between friction and adhesion, that while the adhesion increases 
dramatically above a threshold value of RH, the friction decreases albeit less 
dramatically. This raises an important distinction between the global and local 
adhesion, the net interaction between the probes and surface is attractive due to 
the presence of a capillary condensate, but the interaction between the contacts 
themselves is net repulsive, rendering any treatment by contact mechanics theory 
irrelevant. 
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Scanning force microscopy investigation of liquid 
structures and its application to fundamental wetting 
research 
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Abstract—The possibility of determining the topography of liquid profiles by scanning force mi- 
croscopy (SFM) in tapping mode is discussed in detail as to its possible mechanism and accuracy. 
Applications of this technique to the investigation of contact line tensions and effective interface po- 
tentials are presented. Two complementary methods, both based on SFM of the liquid topography, are 
demonstrated for determining contact line tensions. The values obtained are within the theoretically 
expected range. 


Keywords: Scanning force microscopy; wetting; line tension. 


1. INTRODUCTION 


We are all accustomed to liquid droplets being spherical, due to the tendency of the 
surface tension to minimize the surface area at fixed volume. In some contrast, Fig. 1 
shows a number of macroscopic sessile droplets sharing the striking feature of being 
faceted along the vertical direction. This is because the substrate, a standard silicon 
wafer with a native oxide layer, has been structured chemically by microcontact 
printing. It bears vertical hydrophobic stripes about 200 nm in width, separated by 
hydrophilic domains of similar width. The whole sample is thus stripewise patterned 
as to its wettability and the spatial period of the pattern is 400 nm, well below the 
optical resolution of a standard optical microscope. Nevertheless, the impact of this 
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Figure 1. Optical micrograph (150 zm x 110 wm) of hexaethylene glycol droplets deposited on a 
substrate bearing wettable stripes (periodicity: 400 nm) in the direction of the arrow. 


chemical structure on the substrate (which is almost perfectly flat) on the shape of 
the drops is quite obvious and easily visible. This simple experiment shows that in 
order to understand wetting even on a macroscopic scale, it is indispensable to study 
it on very small scales, down to those governed by, and comparable to, the typical 
range of wetting forces. It is therefore natural to consider modern techniques of 
submicrometer scale microscopy, such as scanning probe or electron microscopy, 
as important methods for investigating the fundamentals of wetting phenomena. 

Wetting is a rather general concept and applies whenever one asks for the stability 
and morphology of small amounts of a substance at a given interface. It is most 
significant, and has thus mostly been studied, with liquid rather than with solid 
substances. Consequently, if one sets out to study wetting phenomena in detail, 
one is faced with the substantial problem of imaging objects as delicate as liquid 
surface profiles on molecular scales. While solid samples are usually sturdy enough 
to withstand the assault of a scanning probe tip or a many-kilovolt electron beam, 
this is not the case with liquid structures. Our first concern must therefore be to find 
an imaging technique of sufficient spatial resolution which is soft enough to leave 
the liquid surface profile to be imaged unchanged. 
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2. FORCE MICROSCOPY INVESTIGATION OF LIQUIDS 
2.1, Imaging in ‘tapping mode’ 


Let us discuss in some detail the applicability of scanning force microscopy (SFM) 
to our problem. Since its development in 1986 [1], SFM has found applications in 
many different branches of science. The common feature of classic SFM techniques 
is a tip with a small radius of curvature (usually a few nanometers) probing the 
sample, which is mounted on a cantilever with a typical spring constant in the N/m 
range. The forces of interaction of the sample with the tip result in a deflection of 
the cantilever, which is measured and controlled with Angstrom accuracy. 

The necessity of imaging particularly soft samples, for example in biology and 
biophysics, led to the development of non-contact [2] and tapping mode imaging 
[3-5]. In tapping mode, the tip is vibrated by exciting the cantilever near its 
resonance frequency (typically 100-300 kHz). Typical amplitudes are 10-100 nm 
and the interaction of the tip with the sample surface results in a characteristic 
damping of the cantilever. The tip touches the sample only close to the turning 
point of its vibration. As a consequence, the interaction of the tip with the sample 
in tapping mode is particularly soft, which enables the imaging of particularly 
soft surfaces [3, 6-17]. In addition, it was shown that the phase shift between 
the signal exciting the cantilever and the motion actually carried out by the 
cantilever could provide valuable information about the mechanical properties of the 
sample [18]. However, the details of the damping mechanism in tapping mode are 
still controversial and much work has been dedicated to its understanding [19-30]. 

For SFM of liquid surfaces, we have carried out a number of experiments to 
elucidate the nature of the interaction of the tip with the sample in tapping mode 
and to evaluate this technique for its applicability to quantitative investigations of 
liquid surface topographies. It is observed that when the tip approaches the liquid 
surface, the resonance frequency of the cantilever changes in a characteristic way. If 
the drive frequency is chosen as the resonance frequency of the free cantilever (at a 
large distance between the tip and the sample), the shift of the resonance frequency 
of the system can be calculated from the measured amplitude of vibration and phase 
according to 


() 


2 
Wres,d = ,/ 0.4 + 


2 
20 res, 


(W255 = 5,4)" (1 = 1 ) 


cos? dg 


with 


(2) 


where Ar, Qs, and @yes¢ denote the amplitude, quality factor, and resonance 
frequency of the free cantilever, while Ag and $4 denote the amplitude and phase 
shift of the damped cantilever, respectively. 
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Figure 2. Resonance frequency res of the cantilever as a function of the distance between the tip 
and the liquid surface. It has been calculated from the measured quantities, as explained in the text. 
Wres first decreases with decreasing distance and then increases abruptly (within the accuracy of the 
measurement) to a higher resonance frequency which then remains constant. For distances in this latter 
regime, the amplitude of the tip is still measurable (+2 nm), but strongly reduced (As = 12 nm). 


Figure 2 shows a typical data set obtained on an aqueous solution of P,Os 
[15], with cantilever parameters Q; = 166, k * 20 N/m (the spring constant 
of the cantilever), and @res¢ = 254.9 kHz. Qualitatively, one finds a regime of 
shift towards lower resonance frequencies at large distances and a sharp transition 
towards a higher resonance frequency regime at smaller distances. The first regime 
is used for imaging and is the one to be discussed in more detail. At amplitudes 
used for imaging, one finds typical resonance frequency shifts up to 500 Hz. From 
these data, it is possible to derive the momentum transfer from the tip onto the 
sample. In phase space, the trajectory of the freely oscillating cantilever can be 
described by a circle, as sketched in Fig. 3. When the tip interacts with the sample, 
the trajectory experiences a slight displacement, parallel to the momentum axis of 
the phase plot. Since the interaction takes place at the turning point of the cantilever, 
this displacement is tangential to the trajectory. Consequently, there is a direct 
relationship between the shift, Aw = @yes.¢ — res,a, Of the resonance frequency 
of the system and the momentum transfer per cycle, Ap: 


Aw Ap 
= | (3) 
Dres 27 Pmax 
where Pmax = kAg/@res is the maximum momentum of the cantilever. It is 


now possible to calculate the average force, F, that the tip exerts on the liquid 
surface. Since this is given by the average momentum transfer per cycle, we have 
F= Ss Ap = kAg2®. Inserting the system characteristics above, we see that 
for the experiment represented by Fig. 2, the maximum average force was about 
3 x 107!°N. The fact that the resonance frequency is reduced by the proximity of 
the sample tells us that the force must be attractive, not repulsive. 
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Figure 3. Phase space representation of the cantilever motion. The momentum transfer between the 
tip and the sample takes place at the turning point, such that the corresponding translation is collinear 
to the trajectory. 


Let us see how this is expected to affect the liquid topography to be investigated. 
Assuming that the liquid adjusts slowly to the average force to yield a zero mean 
curvature surface, the latter will be described rather well by a logarithmic profile, 
fry= t In a where r denotes the lateral distance from the tip, o is the surface 
tension of the liquid, and R is the dimension of the liquid object to be imaged, 
which may be a few micrometers. Inserting the above numbers, one sees that if one 
is working at a small detuning of, say, Aw < 100 Hz, the distortion of the liquid 
surface is less than 5 nm. 

Up to now, we have not specified what type of forces gives rise to the momentum 
transfer and to the detuning of the tip; all we know is that they must be attractive. If 
these forces are merely the van der Waals forces between the tip and the substrate, no 
noticeable dissipation would be expected. To check this, we performed phase shift 
measurements during imaging. As is well known, the average power, P, dissipated 
in the sample during imaging can be calculated from these data. Provided that the 
cantilever motion is sinusoidal, it can be shown that [27] 


2 
p= 5 (2) sin dg — i} (4) 


2 Of Ag 


Ag, Ag, @, Os, and dg can be measured, and thus the energy dissipated in the sample 
during a tapping cycle can be determined. 

Figure 4 shows the measured topography of a liquid drop on a flat surface, along 
with the energy dissipation by the interaction of the tip with the sample. The average 
dissipated power P equals 9.2 x 10~'3 W, which gives an energy dissipation per 
cycle of 3.3 x 107!8 J ( 20 eV). We thus indeed have substantial dissipation, which 
shows that the reduction in amplitude, which is used by the feedback loop in the 
imaging process, is not just due to the detuning of the cantilever resonance, but also 
to its damping. 
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Figure 4. (a) Cross-section of the topography of a triethylene glycol drop on a silicon wafer substrate. 
(b) Dissipated power for each point of the cross-section. It was obtained from the phase shift measured 
simultaneously with the topography, as explained in the text. 


2.2. Capillary force model 


The presence of an attractive force which is connected to noticeable damping leads 
us to believe that the forces, which give rise to these effects are capillary forces and 
that a nanoscopic liquid neck forms whenever the tip comes close to the liquid 
surface [17]. Let us elaborate on this model in some detail, in order to check 
whether its predictions are in accordance with our findings. The change in energy 
upon formation of a liquid neck between a liquid surface and an SFM tip may be 
estimated using the simplified picture sketched in Fig. 5. The tip is approximated 
by a paraboloid with a minimal radius of curvature, p, and a distance D from the 
flat liquid surface, and the liquid neck is approximated by a cylinder of liquid with 
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Figure 5. Schematic drawing of capillary formation in the model described in the text. The tip is 
approximated by a paraboloid of radius of curvature ; at a distance D from the surface, the capillary 
is approximated by a cylindrical column of liquid with radius R. 


radius R. The excess energy AE required to form the liquid neck can be written as 


AE 
mp2o 


R 
= -R?-20080 | rV¥1+r2dr +2R(D + R?/2), (5) 
0 


where r is the lateral distance from the center of the neck and © is the contact 
angle of the liquid with the tip material. All quantities are taken in units of p. 
The first term on the right-hand side of equation (5) describes the reduction of the 
liquid/air interfacial area at the base of the neck. The second term represents the 
energy contribution of the interface between the tip and the neck and the third term 
describes the energy to be expended for the creation of the outer surface of the neck. 
It is clear that equation (5) represents a simplified model of the liquid neck formation 
between the tip and the sample, since in reality the neck surface certainly has a non- 
vanishing ‘vertical’ curvature [31, 32]. However, we found that refinement of the 
model neck geometry, or taking into account the effects of a contact line tension, 
did not change the results appreciably. This suggests that equation (5) captures the 
essential physics involved. 

What is the typical size of a liquid neck forming within the gap between the 
sample and the tip? This can be estimated by considering the first derivative of 
AE with respect to the neck radius, R, which is given by 


Seis aq = D~R(1+ V+ Rcos0 - 52). (6) 
2np2a0 dR 2 

Its zeros for positive R reveal the size of the neck which will form. For D = 0, it is 
readily seen that the neck radius will be at most 2.4, and for cos@ = 0, R = 2/3. 
When the tip is removed again from the surface in the course of its oscillation, the 
neck will break off again at a certain distance, D,. This is reached when the two 
zeros of the right-hand side of equation (6) with R > O merge to one degenerate 
zero, since at this point there is no longer a local minimum in the neck energy at 
finite R. This is the case when D, = max[R(1 + V1 + R*2cosO — 3R)], which is 
smaller than 0.92 for all values of ©. 
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The surface energy of a liquid object of these dimensions is of the order of a 
few tens of an electron-volt, if a radius of curvature of 10 nm (manufacturer’s 
specification) is assumed. This is in good agreement with the experimentally 
determined dissipation of about 20 eV per cycle. The capillary force of this neck is 
a few nanonewtons, which is consistent with an average force of the order of a tenth 
of a nanonewton. Finally, it should be noted that the lateral resolution that we could 
obtain with this technique was between 2 and 10 nm, in qualitative accordance with 
the lateral extension of the neck. 

In order to demonstrate that the liquid profiles obtained by imaging in tapping 
mode are physically reasonable, we had already shown that the image profiles of 
liquid droplets small enough for gravity to be negligible were perfectly spherical 
within experimental accuracy [15]. A final ambiguity within this test is that the 
contact angle had to be used as a fitting parameter, since the droplet was necessarily 
too small to be simultaneously imaged with optical equipment. To close this gap, 
we have performed measurements of the contact angle at the contact line of a larger 
drop, both optically and by SFM. With SFM, we measured a contact angle of 
Osrm = 46.2 + 0.5°; the value from the optical measurement was Oo, = 46 = 1°. 
Hence there is perfect agreement between the optical and SFM profiles. 


3. APPLICATION OF SFM TO LIQUID CONTACT LINES 
3.1. The contact line tension 


Let us now apply this technique to liquid structures appearing in wetting science 
in order to gain insight into the microscopic details of wetting forces and their 
impact on macroscopic wetting phenomena. In particular, we want to tackle the 
problem of determining the contact line tension, i.e. the excess free energy of 
a three-phase contact line. This is probably the most controversial quantity in 
wetting science, which is mainly due to its poor accessibility. Theory predicts that 
typical values of the contact line tension, t, should be in the range of a few tens 
of piconewtons [33-39]. The characteristic length scale, /, at which these forces 
become important can readily be obtained by comparison with typical values of 
interfacial tensions, o, yielding] = t/o ~ 107!° N/10-2 Nm7! = 10 nm. At 
much larger scales, interfacial tensions are expected to dominate all measurements 
of line tension effects and particular care must be taken in the experiments. The 
classical approach for tackling the problem is to investigate the dependence of the 
contact angle of small sessile droplets on their size. The smaller a droplet becomes, 
the larger the effect of the contact line tension on its shape. For a positive line 
tension, the droplet base is contracted, which gives rise to an increased value of the 
contact angle. This is expressed by the modified Young equation for a liquid droplet 
on a plane solid surface, which reads 
lt 


cos(®) = cos(@young) — => 


oR’ _ 
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Figure 6. Sketch of a macroscopic liquid droplet on a microscopically heterogeneous surface. Optical 
techniques would yield an apparent radius of curvature of the contact line from the base of the 
macroscopic droplet. The real radius of curvature of the contact line (from the local corrugations) 
is beyond their resolution. 


where © is the actual contact angle that the droplet forms with the substrate and 
young 1s the contact angle which would be derived from Young’s equation, i.e. for 
a straight contact line, or infinitely large drop. R is the radius of curvature of the 
(circular) contact line. 

Assuming the theoretically predicted values of contact line tension to be true, one 
is faced with the necessity of investigating extremely small droplets in order for 
the change in contact angle to be measurable. For instance, for a water droplet, a 
radius of contact line curvature of 20 nm on a substrate with Young’s contact angle 
of 30° gives rise to a change in the contact angle (with respect to its value for a 
straight contact line) of only 1° when a contact line tension of 10~!! N is assumed. 
In marked contrast, experiments have been performed for a long time using optical 
techniques on droplets with typical sizes of at least several tens of micrometers. 
The results show an exceptionally large scatter in the magnitude of the contact line 
tensions obtained: values ranging from 10~> to 10~'? N, both positive and negative, 
are reported in the literature [40-44]. 

From the sketch presented in Fig. 6, it is quite straightforward to imagine how such 
a large scatter in the experimental values of the contact line tension may come about, 
since every surface is, as far as its surface energy is concerned, inhomogeneous at 
least at a very small scale. Thus, the contact line is expected to exhibit a corrugation 
as shown in the figure, which is not accessible with optical imaging techniques. As 
a consequence, the total free energy of the contact line, which is measured using a 
coarse-graining experimental technique (such as optical microscopy), consists not 
only of the genuine contact line tension, or its sum over the corrugations [45], but 
also of the excess free energy connected to the increased total surface near this line. 
This may at least explain large positive apparent line tensions. 


3.2. Imaging corrugated contact lines 


It follows directly that high-resolution imaging of the three-phase contact line and 
the local liquid surface is crucial for the determination of the contact line tension. 
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In order to achieve nanometer spatial resolution, SFM has been used as described 
in the previous sections. 

Typical working conditions were cantilever oscillation amplitudes of 10-20 nm 
with very small damping values of 1-5%. Commercial silicon cantilevers were 
used with typical resonance frequencies of 200-400 kHz and spring constants 
of 20-40 N/m. The tip radius was ~10 nm, as specified by the manufac- 
turer (Nanoprobe). The liquid structures were prepared by depositing liquid 
(hexaethylene glycol) droplets on a substrate which was provided with a pattern 
of stripewise wettability, as already shown in Fig. 1 [46]. In order to achieve liquid 
structures in thermal equilibrium with the solid substrate, the droplets were created 
by means of an atomizer (Fisher Scientific) and were deposited on the substrate out 
of the aerosol phase. 

The patterned substrates were created by microcontact printing [47-55] of per- 
fluorinated alkylsilanes [(heptadecafluoro-1,1,2,2-tetrahydrodecyl)dimethylichloro- 
silane] from hexane solution onto silicon wafers. The roughness of the substrates 
was 0.25 nm, as revealed by SFM. The printing process leads to stripes of self- 
assembled monolayers with a typical thickness of 0.5 nm. Hence, the topography 
of this structure and of the solid substrate in general can be neglected in compari- 
son with the larger liquid structures that are investigated. The spatial period of the 
stripes ranged from 400 to 1000 nm. A typical image of a structure of this kind is 
presented in Fig. 7. Due to the printing process, the hydrophilic regions are not as 
hydrophilic as the freshly prepared silicon dioxide surfaces. However, the wetta- 
bility contrast between the stripes is large enough to generate pronounced periodic 
structures in the contact lines of the sessile droplets on these surfaces, as may be an- 
ticipated by the strong influence of the wettability pattern on the macroscopic shape 
demonstrated in Fig. 1. 

By imaging smaller droplets with SFM, images of the liquid profile at the three- 
phase boundary, i.e. the contact line region, were obtained with a resolution in the 
nanometer range. A typical image of a small droplet is shown in Fig. 8, while in 
Fig. 9 the contact line region of a slightly larger droplet is shown in detail. Images 
like Fig. 9 can be used to determine the local value of the contact angle and the 
local radius of curvature of the contact line. The latter was obtained by a second- 
order polynomial fit in the vicinity of the point of interest along the contact line. 
The local contact angles were directly determined from sections of the topography, 
perpendicular to the local direction of the contact line. 

In order to connect our data to equation (7), we have plotted the cosine of the 
local contact angle versus the local curvature of the contact line, 1/R, in Fig. 10. 
As is clearly seen, the data group into two distinct clusters, one at higher and the 
other at lower cosines of the contact angle. They correspond to the hydrophilic and 
hydrophobic domains, respectively. 

Quite obviously, the cosine of the contact angle varies linearly with the curvature 
of the contact line for both the hydrophilic and the hydrophobic domains. This 
dependence is expected from equation (7). It is now straightforward to determine 
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Figure 7. SFM topography image of a silicon wafer chemically patterned by microcontact printing, 
similar to the one used for Fig. 4. A patterned self assembled monolayer of perfluorinated 
monochloroalkylsilane, molecules provides a wettability contrast of hydrophilic and hydrophobic 
stripes (periodicity: 900 nm). 


the contact line tension by a linear fit, which is then found to be —6 x 107"! N for 
the hydrophilic domains (young = 18°) and —3.5 x 107! N for the hydrophobic 
domains (young = 34°). As the substrates used are patterned in wettability, the 
observed local contact angle © is a function of both the local wettability of the 
substrate and the local curvature of the contact line. Ideally, ©young has one distinct 
value on hydrophilic and another (higher) on the hydrophobic stripes. Due to 
inherent problems of the preparation process, this could not be perfectly achieved. 
The change in wettability from hydrophobic to hydrophilic is not discontinuous, 
but slightly smeared out over a finite region with intermediate values of ©young. 
Therefore, data closer than 15 nm to the boundary were not taken into account. 

A comparison of our results with those of other experiments [40, 41] reveals 
that the absolute values of the contact line tension found here are much lower and 
within the theoretically predicted range. In theoretical simulations of the contact 
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Figure 8. SFM topography image of a small droplet on a patterned substrate (spatial period: 800 nm). 
The elongation of the droplet in the direction of the stripes and the distinct corrugation of the contact 
line perpendicular to the stripes can be clearly seen. 


line tension for a similar system by Dietrich and co-workers [34, 51], negative 
values were obtained, too, which compare favorably with our results. Furthermore, 
the dependence of the contact line tension on Young’s contact angle is similar to 
theoretical predictions [52-54], indicating an increasing contact line tension with 
decreasing Young’s contact angle. 

It should be pointed out that naively one could expect a negative line tension to 
give rise to spontaneous contact line undulations, at least at small enough scales. 
However, Dobbs has recently shown by a quite ingenious argument [55] that the 
contact line always experiences a restoring force and is thus straight in equilibrium, 
despite its negative tension. 


3.3. Imaging contact line profiles 


It is also informative to study the liquid profile very close to the contact line. 
As Fig. 11 clearly shows, the profile may be distincly different from the mere 
intersection of two planes. Instead, there is a smooth transition from the substrate 
surface to the tilted liquid surface. The shape of this transition reflects the 
long-range interaction of the solid/liquid and liquid/vapor interfaces with each 
other. From these profiles, it is straightforward to obtain the effective interface 
potential [56]. The details of the effective interface potentials derived from the 
contact line tails for several systems will be the subject of a forthcoming paper. 
Here we want to exploit these measurements only insofar as the contact line tension 
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Figure 9. High-resolution (~ 10 nm per pixel) SFM topography image of the contact line region of a 
large hexaethylene glycol droplet. The corrugation of the contact line due to the stripewise wettability 
contrast of the substrate is used to determine the dependence of the local contact angle on the local 
curvature of the contact line. The direction of the stripes is from left to right in this image. 


can be computed from the effective interface potential [52]. The liquid profile 
close to the contact line, which does not have to be curved, thus provides us with a 
completely complementary method of determining the line tension. 

In order to compare these results with those obtained from the modified Young 
equation, one has to do both analyses with the same drop, since there is some 
scatter in the results, due to imperfections in the sample preparation. We have 
done this only for hexaethylene glycol. For the hydrophilic domains, we obtained 
a line tension of —1 x 107-!° N from both the modified Young equation and the 
effective interface potential approach. So, there is agreement of the two methods, 
within the (yet substantial) experimental errors, which indicates that the values that 
we obtained are quite reliable. For the hydrophobic domains, the modified Young 
equation approach yielded a line tension of —4 x 10~!° N, while we extracted from 
the effective interface potential a line tension of —2 x 107'!°N. A discrepancy by a 
factor of 2 is satisfactory in view of the large experimental scatter and the fact that 
the numbers reported in the literature disagree by several orders of magnitude. 
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Figure 10. Experimental values of the cosine of the local contact angle are plotted versus the local 
curvature of the contact line. The local contact angle was obtained from a section of the measured 
profile, taken perpendicular to the contact line at the point of interest. Two distinct clusters of data 
are clearly seen, corresponding to the hydrophilic and hydrophobic domains. A linear dependence of 
the cosine of the contact angle on the curvature of the contact line is observed, as expected from 
the modified Young equation [equation (7)]. With a linear fit to the data, contact line tensions 
of —6 x 10~!! and —3.5 x 107!° N for hydrophilic and hydrophobic surfaces, respectively, are 
determined. 
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Figure 11. Topographic microstructure of the profile, /(x), close to the contact line for water on 
silicon, hexaethylene glycol on silicon and an aqueous solution of calcium chloride on mica. A 
characteristic deviation from the straight line (thin solid line) is clearly visible, which is due to the 
finite range of the effective potential acting between the interfaces involved. 


4, CONCLUSIONS 


We have demonstrated that it is possible to obtain the topography of liquid profiles 
by SFM in tapping mode with remarkable accuracy. We applied this technique to 
the investigation of fundamental quantities in wetting science, such as the contact 
line tension and the effective interface potential. We determined the contact line 
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tension and found values of the same order of magnitude as expected from theory. 
Despite the poor accuracy that we have achieved to date, the data may be considered 
as particularly reliable since they were obtained with two complementary methods, 
both based on SFM investigation of the liquid topography. We are currently tackling 
more sophisticated problems in these systems, such as the functional dependence of 
the line tension on the contact angle. 
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Abstract—Advancing and receding contact angles on individual hydrophobic microspheres at the 
air—water and liquid-liquid, namely hexadecane—water, interfaces were determined. For this 
purpose, spherical silanated silica particles (R = 2.35 jzm) and polystyrene particles of different radii 
(R = 1.80—4.38 wm) were attached to atomic force microscope (AFM) cantilevers. Polystyrene 
particles were sintered onto the AFM cantilevers to provide stability in organic solvent. Then 
the equilibrium position of the microsphere at the air—water interface of a drop or an air bubble 
was measured with an AFM-related set-up. From the equilibrium position the contact angles 
were calculated. Advancing and receding contact angles determined with silanated silica particles 
(©, = 97° and ©, = 81°) agreed roughly with contact angles measured on similarly prepared planar 
surfaces (QO, = 95° and ©, = 83°). The apparent contact angles measured on polystyrene particles 
decreased with increasing particle size. This can be interpreted by assuming a negative line tension of 
the order of —0.3 uN. 


Keywords: Atomic force microscope; contact angle; flotation; line tension; particle; surface force. 


1. INTRODUCTION 


With the atomic force microscope (AFM), the topography of many surfaces can be 
imaged at high resolution in a vacuum, gas, or a liquid environment. In addition to 
imaging surfaces, it was soon realized that by measuring force vs. distance curves 
supplementary information about surface properties such as the charge density, the 


*Phone: 0049-613 1-379162; Fax: 0049-613 1-379340; E-mail: vinograd@mpip-mainz.mpg.de 


*To whom correspondence should be addressed. Phone: 0049-271-7404125; Fax: 0049-271- 
7403198; E-mail: butt@chemie.uni-siegen.de 


524 G. E. Yakubov et al. 


local elasticity, or the local surface energy could be obtained and thus the AFM 
has become an important tool in colloid science to measure surface forces (for 
reviews see refs [1, 2]). To determine surface forces, usually spherical particles 
of typically 1—10 jm radius (microspheres) are glued onto tipless cantilevers. By 
using microspheres of defined radius instead of integrated sharp tips, the interacting 
geometry can be quantified more easily. 

In a typical force experiment, a planar sample mounted onto a piezoelectric 
translator is moved towards the microsphere. Forces between the particle and the 
planar surface lead to a deflection of the cantilever. Multiplying the deflection of the 
cantilever Az, by its spring constant K gives the total force acting on the particle: 
F = K - Az,. The separation d is calculated by adding the deflection to the position 
of the translator: d = Az, + z. 

With this procedure, surface forces between solid surfaces are measured routinely. 
Much more difficult is the measurement of surface forces at soft surfaces such 
as the surface of a liquid or the interface between two liquids. Besides technical 
difficulties, there are principal problems. One problem is to extract the separation 
between the particle surface and the soft interface. Between hard solid surfaces, 
this separation can be calculated from the so-called “constant compliance’ region 
of the force curve. Once the tip is in contact with the sample, its separation no 
longer changes. Hence, any change in the position of the sample directly leads to 
a similar change in the cantilever deflection. This leads to a linear increase of the 
cantilever deflection with the sample position. This linear part of the force curve is 
attributed to zero separation. This is different for soft surfaces because in every part 
of a force curve the tip deforms the surface significantly and a change in the bubble 
or drop position does not lead to a similar change in the cantilever deflection. In 
addition, the tip might penetrate into the liquid—gas or liquid-liquid interface and 
a three-phase-contact (TPC) line might be established. Then one is dealing with a 
penetration distance rather than a separation. 

Despite these difficulties, forces between microspheres and bubbles in water 
[3-9], water drops [3, 5], and oil drops in water [10, 11] have been accurately 
measured. Direct force measurements at liquid—gas and liquid—liquid interfaces are 
of both applied (flotation, recycling of paper, oil refinery) and fundamental interest. 

In this paper, we describe the results of experiments with polystyrene and 
silanated silica particles. The particles were hydrophobic and had radii in the 
range of 1.80—4.38 zm. We measured the force between these particles and (1) an 
air bubble in water, (2) a water drop in air, and (3) a water drop in hexadecane. 
Polystyrene particles were chosen because similarly made particles of different 
sizes could be obtained and polystyrene particles are often used in numerous colloid 
science applications. For comparison, experiments were performed with silanated 
silica particles. 

As before, it turned out that the forces before and after TPC formation were 
completely different. Before a TPC is established, long-range forces such as, for 
example, the electrostatic double-layer force are acting. After a TPC has been 
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Aqueous electrolyte 


Figure 1. Schematic diagram of a spherical particle in TPC on the surface of a bubble in aqueous 
medium, 


formed, the force is dominated by the capillary force, because the particle size is 
much smaller than the capillary length [12, 13]: 


Foap = 20 Ry - sina - sin(d — a), (1) 


where y is the surface tension of the liquid, R is the particle radius, and # is the 
contact angle. The parameter a describes the position of the particle in the interface 
(Fig. 1). The capillary force is zero for a = %. This fact was used to determine the 
contact angle on individual microspheres. In accordance with the classical method 
of measuring contact angles on macroscopic spheres (called ‘sphere tensiometry’), 
we called this technique ‘microsphere tensiometry’ [5]. 

In this study, the contact angles on different hydrophobic particles at the air— water 
and hexadecane-water interfaces were analyzed. In particular, three questions were 
addressed: (1) What is the line tension on hydrophobic solids at the air—water—solid 
TPC? Below we obtain a relation between the apparent contact angle, the particle ra- 
dius, and the line tension. It turns out that from a dependence of the apparent contact 
angle on the particle radius the line tension can be determined. Therefore we mea- 
sured contact angles on polystyrene microspheres of different radii. (2) How large 
is the hysteresis between advancing and receding contact angles in microsphere 
tensiometry? A previous preliminary experiment indicated that the hysteresis was 
significantly smaller than on planar surfaces [5]. (3) Is it possible to determine the 
contact angles on individual particles at liquid—liquid interfaces with microsphere 
tensiometry? 


2. MATERIALS AND METHODS 
2.1. Particle preparation 


Polystyrene spheres of 1.80, 3.15, and 4.38 4m radius (Bangs Labs Inc., Fishers, 
IN, USA) were first rinsed with excessive amounts of water to remove adsorbed 
surfactants which were present to stabilize the polystyrene dispersion during 
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3 wm 


Figure 2. Typical scanning electron micrograph of a polystyrene particle of 4.38 2m radius sintered 
onto the end of an AFM cantilever. The particles were sputtered with gold. 


synthesis. Therefore a suspension of the particles in the solution with the stabilizing 
surfactant was pushed through a nylon Millipore filter with a pore diameter of 
0.22 wm. Water was then allowed to flow through the filter. After washing, the 
particles were removed from the filter onto a glass plate and dried in vacuum. In 
the last step, polystyrene particles were sintered or partially melted onto tipless 
cantilevers (Digital Instruments, Santa Barbara, CA, USA; V-shaped, 100 or 
200 um long, 0.6 4m thick, spring constants between 0.02 and 0.3 N/m). The 
particles were placed at the right position of the cantilever. Then the cantilever was 
heated to 120°C for 45-240 s, depending on the particle size (Fig. 2) [14]. 

Silica spheres (Bangs Labs Inc., Fishers, IN, USA) of 2.35 4m radius were 
attached to tipless cantilevers by gluing them with a small amount of epoxy 
resin (Epikote 1004, Shell) as described before [9]. Then the particles were 
hydrophobized by exposing them to a vapor of 1,1,1,3,3,3-hexamethyldisilazane 
(Aldrich, Germany; 99.9%) for 5 h at 70°C. 

The spring constant of each individual spring used was determined by moving 
it against a reference cantilever as described before [8]. The reference cantilever 
was calibrated by a method described by Cleveland et al. [15], by measuring its 
resonance frequency with attached spheres. 
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2.2. Liquids used 


Water was purified using a commercial Milli-Q system containing ion exchange and 
charcoal stages. The deionized water had a conductivity less than 0.1 x 107° S/m 
and was filtered at 0.22 um. The Teflon cuvette was cleaned in concentrated hot 
nitric acid for several minutes, followed by thorough rinsing with high-purity water. 
Hexadecane (Aldrich, Germany; 99%, GC) was used without further purification. 


2.3. Particle interaction apparatus (PIA) 


The experimental set-up has been described in detail before [7] (Fig. 3). Briefly, 
cantilevers were fixed in a cantilever holder. An air bubble in water, a water drop 
in air, or a water drop in hexadecane (approximate diameter 1-2 mm) was placed 
onto the bottom of a Teflon cuvette with a pipette. Then the particle was positioned 
a few zm above the bubble (or drop) with a micrometer screw driven by a stepper 
motor (in height) and two micrometer screws of an X—Y table (lateral position). 
This was done under optical control of a microscope with a long-distance lens 
(magnification 120) and a binocular. To measure the force vs. position curves, the 
cuvette with the bubble (or drop) was moved towards the particle with a 15 wm 
range piezoelectric translator (Physics Instruments, Germany). This translator was 
equipped with integrated position sensors, which provided the position with an 
accuracy of 1 nm in closed-loop operation. During the movement, the deflection of 
the cantilever was measured with an optical lever technique. So the light from a laser 
diode (1.5 mW, 670 nm) was focused onto the back of the gold-coated cantilever. 
Via a mirror, the position of the reflected laser spot was measured with a position- 
sensitive device (United Detectors, UK; active area 30 x 5 mm”). 

When the force curves were taken, the typical driving speed was 7 um/s. 
Both the height position of the bubble or solid surface and the deflection of the 
cantilever were recorded with a digital oscilloscope (12-bit effective resolution). 
After transferring the data to a personal computer, the results were further analyzed. 
All experiments were done at room temperature without buffer. Hence, the pH was 
around pH 6. 


2.4, Analysis of force curves 


To be able to convert an output voltage of the position-sensitive device to a 
deflection in nm, force curves on a solid substrate were measured. When the tip is 
in contact with a hard solid substrate, any change in the height position is similar to 
a change in deflection. The result of a force measurement is a plot of the cantilever 
deflection Az, versus the height position of the piezo translator z. To obtain force 
vs. position curves, Az, was converted into a force according to F = K - Az. 


2.5. Contact angle measurements on planar surfaces 


On planar surfaces, contact angles were measured by optical observation of a sessile 
drop. The commercial set-up (Kriiss, G10, Hamburg, Germany) was equipped with 
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Figure 3. Schematic diagram of the particle interaction apparatus (PIA). 


a stepper motor to drive the syringe which controls the drop volume. The estimated 
error is ¥1°. 


3. EXPERIMENTAL 
3.1. Contact angle experiments 


Contact angle measurements are first described for the case of particle—bubble 
interaction. To measure the contact angle, the particle attached to a cantilever is 
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Aqueous electrolyte 


Bubble Aqueous electrolyte Aqueous electrolyte 


Figure 4. Schematic diagram showing the three types of contact angle measured. 


Figure 5. To measure the contact angle on an individual particle, a bubble is moved towards a particle. 
Before a TPC is established and in the absence of long-range forces, the cantilever is not deflected 
(left). After a TPC line has been formed, the bubble is deformed and the capillary force is acting 
on the particle. This leads to a deflection (middle). When the bubble is moved further towards the 
particle at some point, no force is acting on the cantilever (right). At this position, the bubble is again 
not significantly deformed. The difference in the sample height between the position just before a 
TPC is established and the zero-force position is the parameter Dp, which was used to calculate a 
value that we call the receding contact angle. 


moved in an aqueous medium towards the bubble. When the particle touches the 
air—water interface, a three-phase contact (TPC) is formed and the capillary force 
pulls the particle into the bubble. When the bubble is moved further up at a certain 
position, no force is acting on the particle. This zero-force equilibrium position of 
the microsphere in the air—water interface is characterized by the penetration depth 
D, (Fig. 4). Dy can be directly obtained from force vs. position curves without 
further analysis. It is the difference between the jump-in point and the zero-force 
position (Fig. 5). Then the contact angle was calculated from 


R- Dp 
R * 


Since in the experiment the liquid is receding on the particle surface, we call the 
contact angle the apparent receding contact angle, ©,. This apparent contact angle 
© is not precisely equal to the contact angle # in equation (1). As will be discussed 
further, the apparent contact angle might be influenced by the line tension. 
Apparent advancing contact angles on spherical particles, ©,, were obtained from 
experiments with liquid drops (typical radius 1-2 mm). From the penetration depth 
of the particle into the zero-force position of the drop surface Dg, the advancing 


cos ©, = 


(2) 
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contact angle was calculated according to 


Da—R 
cos ©, = ae (3) 
In some cases, the liquid wetted the whole cantilever and not only the particle. This 
effect became more likely with decreasing contact angle. Practically, it limits the 
range accessible to contact angles above 40—50°. In other cases, only receding 
contact angles could be measured. 

Contact angles on particles at the water—hexadecane interface were also mea- 
sured. For that, a water drop of roughly 1-2 mm radius was placed with a pipette 
onto the bottom of the cuvette filled with hexadecane. From the distance between 
the particle jump-in position and the zero-force point Dy, the contact angle ©, was 
calculated according to 


Dy —R 
eo 
This is the advancing contact angle of water in hexadecane. 


cos ©, = 


(4) 


3.2. Line tension influence on the apparent contact angle 


In the simple calculation given above, we considered only the capillary force. 
The capillary force is certainly the dominating force once a TPC line has formed. 
However, since the method is relatively sensitive, we also need to consider other 
contributions. The weight and buoyancy are negligible. Even for spheres of 5 um 
radius the weight does not exceed 0.01 nN or F/R = 0.002 mN/m. We take 
into account two other factors: the line tension and the Laplace pressure inside the 
bubble (or drop). 

The line tension « is the energy required to form a unit length of TPC line. We 
use a simple model and assume that the line tension is constant and does not depend 
on the curvature of the particle. The energy of the whole TPC line is 


E=x2nr=x2nrR-sina. (5) 
The force caused by the line tension is given by 
_ dE _ dE do 
~ dD da dD’ 


Usually the force is the negative gradient of the potential energy. In this case, 
however, we use the positive derivative because increasing D goes in the negative 
direction. With D = R — Rcosa, we obtain oa = eo: Differentiating E and 
inserting the expression for da/dD leads to 


(6) 


It 


Fy = 27k cota. (7) 


In contrast to the capillary force, this does not depend on R. 
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The Laplace pressure inside the bubble (or drop) is given by p = 2y/Rb, 
assuming that the bubble has a spherical shape of radius R,. The Laplace pressure 
tends to push the particle out of the bubble. The result is an upward force of 


Fia = par’ = prR’ sin’ a, (8) 


which we count as positive. 
For the case of zero net force acting on the particle, the sum of all these forces is 
zero. The angle a in this case is equal to © and we have 


2n Ry sin ®@ sin(© — #) + prR’ sin’ O + «27 cot© = 0. (9) 


The angle © is the angle determined from the distances D,, Dg, or Dy. Now we 
substitute © = % + ¢, where the angle ¢ describes the change in the zero-force 
position caused by the presence of a line tension and the Laplace pressure. This 
leads to 


2Ry sin@ sine + pR? sin? © + 2x cot © = 0. (10) 


From this equation and with an experimentally determined value of ©, we can 
calculate e and the contact angle # = © — e, Equation (10) is, however, not an 
explicit expression for 3 and is inconvenient. Therefore it is instructive to consider 
two special cases. 


3.2.1. No Laplace pressure, only line tension. In this case, we obtain 


: K cos@ 

sine = —— : 

Ry sin? ® 

The effect of the line tension depends on the ratio «/Ry and the contact angle. 

Values for the line tension reported in the literature range from several —-10~° N 

to +10-° N (see refs [16, 17] for reviews). For a contact angle # = 80° and line 

tensions k = —1, —0.2, 0.2, and 1 WN, the apparent contact angles are plotted 

versus the particle radius in Fig. 6. The effect of the line tension increases with 

decreasing particle size. Positive line tensions decrease the apparent contact angle; 

negative line tensions increase it. For relatively high line tensions and particles 

below a certain critical size (for k = 1 WN, this critical radius was 2.7 zm), no TPC 
line is formed [13, 18]. 


(11) 


3.2.2. No line tension, only Laplace pressure. If the line tension is negligible, 
equation (10) can be simplified as: 
R R 
sine = —5~ sin® = —2 sin. (12) 
The correction depends on the ratio between the particle and the bubble (or drop) 
radii and on the contact angle. For a given bubble size, it increases linearly with the 
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Figure 6. Apparent contact angle © versus particle radius R for four different line tensions of -1, 
—0.2, 0.2, and 1 uN. The contact angle 3% was 80°. The results were calculated using equation (10). 


particle radius. It does not depend on either the surface tension of the liquid or on 
the cross-sectional area. 

For an a priori calculation of the expected change in apparent contact angle, we 
assume that |e] < . Then we can approximate sine ~ —R/Rp»sind. In our 
experiments, typical values are R = 3 um, Ry = 1 mm, and v = 90°. So we 
expect a correction to the contact angle of e = —0.17°, which we neglect. 

Long-range forces might influence the contact angles obtained. In particle—bubble 
interaction, the electrostatic repulsion could prevent the particle from jumping into 
the bubble and hence could lead to a reduced D, value. For particle—drop interac- 
tion, van der Waals attraction could lead to a jump-in before the particle actually 
touched the air—water interface. A larger value of Dy would be the consequence. 
Since electrostatic and van der Waals forces are still much shorter in range than the 
radius of the particle, this effect is negligible (for details see also refs [5, 9]). The 
error in the contact angle measurements on particles is approximately 1°. 


4, RESULTS AND DISCUSSION 
4.1. Force vs. position measurements at the air—water interface 


A typical force vs. position curve measured between a polystyrene particle and 
an air bubble in an aqueous medium is shown in Fig. 7. At large distances, no 
interaction was observed. When the particle approached the air—water interface, 
a small repulsive, exponentially decayed component was usually observed. The 
same was observed with silanated silica particles. This is probably an electrostatic 
double-layer repulsion. As air bubbles bear a negative surface charge [19-22], 
the polystyrene surface also seems to be slightly negatively charged, or some 
submicroscopic bubbles are attached to it [23, 24]. 
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Figure 7. Force vs. position curve for the interaction measured between a polystyrene sphere 
(R = 4.38 ym) and an air bubble in aqueous medium containing 1 mM KCL. The inset shows the part 
close to the jump-in in more detail. 


After the repulsive barrier, the particle jumps into the air bubble and vice versa: 
the bubble snaps around the particle. When the position is decreased further at a 
certain point, no force is acting on the particle. The difference between the jump-in 
position and this zero-force position is D, (Fig. 5). 


4.2. Contact angles at the air—water interface 


Receding contact angles measured on silanated silica particles were highly repro- 
ducible and showed a variation of only +1° from particle to particle (Fig. 8). The 
average receding contact angle was ©, = 81°. This agrees with the receding contact 
angle of 83° measured on the similarly prepared planar surface. 

Advancing contact angles on particles varied significantly more. Disregarding 
particle 4, the average advancing contact angle was ©, = 97°. This agrees with 
the advancing contact angle of 95° measured on the planar surface. The hysteresis 
observed was roughly the same both on planar surfaces (Q, — ©, = 12°) and on 
microparticles (©, — ©, = 16°). This is in contrast to previous experiments, where 
we measured negligible hysteresis on silica particles (R = 2 ym) silanated in an 
atmosphere of dichlorodimethylsilane (QO, = ©, = 101°). 

In some cases, advancing contact angles were several tens of degrees lower than 
the average contact angle and even lower than the receding contact angle. This 
has been observed before [5]. One possible reason is a kinetic effect. When the 
particle jumps into the drop, the cantilever swings over its equilibrium position as 
observed before (Figs 9 and 10 of ref. [3]). There it might be trapped by a line- 
pinning effect. Such a vibration is damped out in experiments with a bubble. In 
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Figure 8. Apparent contact angles obtained with different silanated silica particles (R = 2.35 um) 
when interacting with a bubble (receding contact angle, open triangles) and a drop (advancing contact 
angle, circles). With silica particle 2, the advancing contact angles could not be measured because 
the whole cantilever was wetted by the liquid. The dotted and dashed lines show, respectively, the 
receding and the advancing contact angles measured on silanated silicon wafers. The results were 
obtained with pure water. 
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Figure 9. Apparent contact angles obtained with polystyrene particles of different radii when 
interacting with a bubble (receding contact angle, open triangles) and a drop (advancing contact angle, 
filled circles). The results are grouped with respect to the particle number, which is given according 
to the particle radius of the microspheres used. The dashed and dotted lines show, respectively, the 
advancing and the receding contact angles measured on a similar planar polystyrene surface. The 
results were obtained in pure water or in aqueous medium containing 1 mm KCl. 


bubble experiments, the cantilever is surrounded by a liquid. This causes damping 
which is ten times higher than in air. Hence, in bubble experiments the movement 
of the particle and the cantilever is overcritically damped, while in the case of 
particle—drop experiments a vibration might occur. These vibrations cannot be 
observed in force vs. distance curves because they are too fast to be recorded. 
Polystyrene particles showed a significantly higher heterogeneity and the contact 
angles depended on the pretreatment. Receding contact angles measured with 
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Figure 10. Apparent contact angles measured with a typical silanated silica particle and a polystyrene 
particle when interacting with a bubble obtained from subsequent force vs. position curves. 


different polystyrene particles varied by +4° from particle to particle (Fig. 9). The 
average receding contact angles were ©, = 81.9°, 70.2°, and 67.3° for particles of 
1.8, 3.15, and 4.38 ym radii, respectively. This agrees with the receding contact 
angle of 70° measured on the similarly prepared planar surface. The average 
advancing contact angles were ©, = 88.7°, 87.2°, and 84.5°, respectively. These 
are slightly lower than the advancing contact angle of 90° measured on the planar 
surface. The hysteresis between the advancing and receding contact angles was 7°, 
17°, and 17°, respectively, which is again roughly the same as on planar surfaces 
(©, — ©; = 20°). 

The contact angles reported were obtained by measuring typically 15-20 force 
vs. position curves, extracting the D, (or Dg) values, averaging them, and using 
the average value to calculate the contact angle for a certain particle. In addition, 
it is instructive to use Dy (or Dg) values for each approach and calculate the 
corresponding contact angle. In this way, we obtained a contact angle for each force 
vs. position curve. A representative set of contact angles obtained with a silanated 
silica particle and a polystyrene particle from subsequent force vs. position curves is 
shown in Fig. 10. Like the average contact angles, the contact angles obtained from 
individual force vs. position curves using polystyrene particles varied significantly 
more than the values obtained with silanated silica particles. This again reflects the 
heterogeneity of polystyrene particles. 
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Figure 11. AFM images of the surface of a polystyrene particle (R = 1.80 um, z-scale 20 nm/div) 
and a silanated silica particle (R = 2.35 xm, z-scale 15 nm/div). Images were taken in contact mode 
with standard silicon nitride cantilevers with integrated tips (Nanoscope 3, Digital Instruments, Santa 
Barbara, CA, USA) at a scan speed of 5-10 Hz. 


A possible explanation for the large variation in contact angles obtained at dif- 
ferent approaches is the high roughness of the polystyrene particles. The rough- 
ness (RMS) as determined from AFM images of polystyrene particles (Fig. 11) was 
3-5 nm after subtracting the overall curvature. For silanated silica particles, the 
roughness was only 1 nm. 

Both the receding and the advancing contact angles decreased with increasing 
radius (Fig. 12). This can formally be interpreted in terms of the existence of a 
negative effective or pseudo-line tension. For © < 90°, a negative line tension 
would lead to a larger penetration depth of a particle into a bubble, Dy, and to a 
smaller penetration depth of a particle into a drop, Dg. In both cases, the apparent 
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Figure 12. Mean apparent advancing (filled circles) and receding (open triangles) contact angles 
obtained with polystyrene particles vs. the particle radius. Error bars indicate the random error in the 
mean apparent contact angle. The continuous lines were calculated using equation (10) with a negative 
line tension of k = —0.3 uN and contact angles * = 80° and # = 50°. The results were obtained 
with pure water or aqueous medium containing 1 mM KCl; no significant differences between these 
two electrolytes were observed. 


contact angle increases. We could interpret our results by assuming a line tension 
of —0.3 uN, a receding contact angle (on a similar planar surface) 3, = 50° and 
an advancing contact angle 3%, = 80°. The increase in the apparent contact angle 
caused by line tension is higher for small # and becomes smaller the closer the 
contact angle comes to 90°. At 7 = 90°, line tension has no effect. 

The values given for the contact angles on similar planar surfaces, 3, and 0, 
and the line tension of polystyrene particles should not be overinterpreted. First, 
the values are not unique. The results can easily be fitted with other line tensions 
of the same order of magnitude as long as the contact angles are also changed 
appropriately. The results obtained with k = —0.4 uN, ©, = 78°, and ©, = 40° 
also agree with the apparent contact angles measured for different particle sizes. 
Second, the change in the contact angles could also be caused by different surface 
chemistry caused by differences in the particles’ manufacturing processes. 


4.3. Interaction of polystyrene particles with a hexadecane—water interface 


Experiments at the hexadecane—water interface could not be carried out with 
particles glued to cantilevers, because in hexadecane the glue swells or is even 
dissolved. To avoid this problem, polystyrene particles were partially melted onto 
tipless cantilevers. Meagher and Craig [25] melted pieces of polypropylene onto 
the ends of AFM cantilevers. They placed a polypropylene piece onto the end of 
the cantilever and heated it above the melting temperature. The polystyrene melted 
and formed a drop of spherical shape. The difference in our experiment is that we 
did not melt the particles; thus, the overall shape of the particles did not change. 
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Figure 13. Force vs. position curves measured between a polystyrene sphere (R = 4.38 zm) and a 
water drop containing 1 mM KCl in hexadecane. The three curves were taken at different times after 
injecting the water drop onto the bottom of the cuvette. 


When a polystyrene particle approached a water drop in hexadecane, the force vs. 
position curves were qualitatively similar to the curves measured with a water drop 
in air. No long-range interaction was observed. As soon as the particle touched the 
hexadecane-water interface, it jumped into the drop. 

When measuring the force between a water drop and a microsphere in hexadecane, 
we usually had to wait for 1-2 h until equilibrium was established (Fig. 13). The 
force vs. position curves measured before showed that no defined interface had 
been established. With increasing time, the force curves became more and more 
reproducible and the jump-in point became more and more defined. One possible 
explanation is a certain degree of swelling of the polystyrene in hexadecane. 

The mean contact angle measured was 145.3°; the average variation in the contact 
angle from particle to particle was +2°. This agrees with the advancing contact 
angle of 150° measured on a planar surface. A strict correlation was observed 
between the contact angles at the hexadecane—water interface and the receding 
contact angles measured on the same particles in air bubbles. 


§. CONCLUSIONS 


With the particle interaction apparatus (PIA), one is able to determine both advanc- 
ing and receding contact angles on individual spherical microparticles with an accu- 
racy of 1°. The interpretation of these contact angles is, however, different from the 
normal definition of contact angles on planar surfaces because they are determined 
from a position where no force is acting on the three-phase contact line. Polystyrene 
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particles showed a more complicated behavior than silanated silica particles. The 
apparent contact angle on the polystyrene particles used depended on the radius of 
the particle. This can formally be interpreted in terms of a negative pseudo-line 
tension, which is much greater than line tensions predicted theoretically. In addi- 
tion, we demonstrated that with PIA it is possible to determine the contact angles 
on individual microspheres at liquid—liquid interfaces by microsphere tensiometry. 
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Capillarity at the nanoscale: an AFM view 
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and S. HERMINGHAUS 
Universitdt Ulm, Abteilung Angewandte Physik, D-89069 Ulm, Germany 


Abstract—We have used atomic force microscopy (AFM) to image liquid droplets on solid substrates. 
The technique is applied to determine the contact line tension. Compared to conventional optical 
contact angle measurements, the AFM extends the range of accessible drop sizes by three orders of 
magnitude. We analyze the global shape of the droplets and the local profiles in the vicinity of the 
contact line. These two approaches show that the optical measurement overestimates the line tension 
by approximately four orders of magnitude. 


Keywords: Contact angle; wetting; line tension; atomic force microscopy; Young equation; interface 
potential. 


1, INTRODUCTION 


Since its invention in 1985 [1], atomic force microscopy (AFM) in a variety of 
operational modes (contact mode, non-contact mode, tapping mode, scanning po- 
larization force microscopy) has become one of the most widely used experimental 
tools in surface physics and surface chemistry laboratories. Its unique lateral resolu- 
tion has been used for characterization of surfaces in real space down to the atomic 
scale. In the context of adhesion and wetting, it is mainly used to measure forces, to 
measure the surface topography, and to characterize the quality and chemical com- 
position of substrates with specifically-tailored wetting properties. Two specific 
operational modes of AFM, i.e. scanning polarization force microscopy (SPFM) 
[2] and tapping mode [3, 4], have been applied successfully to image not only the 
substrates, but also the topography of partially wetting liquid nanostructures. Both 
techniques have revealed details about the molecular forces governing the equilib- 
rium shapes as well as the adsorption and spreading of liquids on a scale that was 
not amenable to conventional optical techniques. 
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One of the most heavily debated questions in the field of wetting deals with the 
influence of molecular and interfacial forces on the equilibrium contact angle 6 of 
a liquid droplet with a finite base radius R [5, 6]. The influence of the interfacial 
forces translates into an excess free energy of the three-phase contact line, the line 
tension I’, which was calculated to be on the order of 107!* to 107!° J/m [7-9]. In 
the presence of a finite line tension, the contact angle of a liquid droplet depends on 
its size. In a large number of conventional contact angle goniometry experiments 
(or its automated version ‘axisymmetric drop shape analysis’ [10]), variations of 0 
with R of the order of 1° have been reported for millimeter-sized droplets. These 
variations were interpreted in terms of a line tension of F ~ 107>...107° J/m 
[5, 6, 10, 11], four to six orders larger than predicted on theoretical grounds. 
Recently, Law and coworkers [12] obtained a value of F ~ 107! J/m using optical 
interferometry. In a previous study, we used an AFM to investigate liquid droplets 
on patterned substrates [3, 4]. In that work, we extracted a line tension of the order 
107!° J/m from variations of the local contact angle with the local curvature of the 
contact line. In the present study, we combine the conventional optical method 
of size-dependent contact angle goniometry on the millimeter scale with AFM 
measurements using micrometer-sized droplets on homogeneous substrates. 

In addition to causing variations of the contact angle with droplet size, interfacial 
forces are also expected to induce deviations of the droplet profiles from the ideal 
spherical cap shape in the vicinity of the three-phase contact line. In the second part 
of the present contribution, we analyze individual AFM profiles and determine the 
upper limits on the magnitude of the interfacial forces and the line tension. From 
both types of analyses we obtain an upper limit of F + 107!° J/m. In particular, we 
will show that values of f ~ 10-5... 10~° J/m, as quoted above, are incompatible 
with the high-resolution AFM measurements. 


2. EXPERIMENTAL 


For the experiments, we deposited droplets of hexaethylene glycol (HEG) on 
silanized silicon substrates. This system was chosen because HEG has a sufficiently 
low vapor pressure at room temperature to prevent any noticeable evaporation 
on the time scale of the experiments (several hours). Furthermore, it has a 
relatively high surface energy (oi, = 45 mJ/m7), which allows for stable imaging 
conditions with AFM. Si substrates (purchased from Wacker) were used for their 
smoothness and chemical homogeneity. They were covered with a native oxide 
layer (thickness 1 nm < dsi9, < 2 nm). The substrates were ultrasonically-cleaned 
in ethanol and acetone and subsequently left overnight in an oxidizing solution 
(NoChromix™, GODAX Laboratories, Inc., Tacoma Park, MD, USA) to remove 
residual organic contaminants. Each step was followed by extensive rinsing in 
Millipore water. Homogeneous coverage of the samples with a molecularly-thin 
layer of phenyltrichlorosilane (PTCS) was obtained by exposing the substrates to a 
saturated vapor atmosphere for +2 h and subsequent ultrasonic cleaning in ethanol. 
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Optical contact angle measurements were performed with a commercial contact 
angle measurement system (OCA 15 plus, Dataphysics GmbH, Filderstadt, Ger- 
many) using the sessile drop method. Images of the droplets were recorded with a 
CCD-camera. The shape of the liquid—vapor interface (droplet contour) was deter- 
mined by a computer program, which searches for the steepest intensity gradient in 
the images. Contact angles are obtained by fitting the droplet contour using both 
Laplace— Young and ellipsoidal fit functions. 

To deposit the HEG droplets for the AFM measurements, we produced an aerosol 
in a closed container using a standard vaporizer (Fisher Scientific). The droplets 
were allowed to settle down on the substrate by gravity. This procedure leads to 
a distribution of droplets with typical diameters between 0.1 and 25 wm. AFM 
experiments were performed in ambient conditions at a room temperature of ~22°C 
and a relative humidity between 35 and 45%. Images were recorded with a 
commercial stand-alone AFM (Bioscope, Digital Instruments Co., Santa Barbara, 
CA, USA) operated in tapping mode. We used Si cantilevers (Nanosensors) with a 
typical resonance frequency of 300 kHz and a tip radius below 10 nm, as specified 
by the manufacturer. Before use, the tips were coated with a layer of a perfluorinated 
alkylsilane ((heptadecafluoro-1,1,2,2-tetrahydrodecyl)-dimethylmonochlorosilane; 
ABCR GmbH & Co. KG, Karlsruhe, Germany) from the gas phase, to improve 
the stability of the imaging conditions. Non-disturbing AFM imaging of liquids is 
a delicate process, which requires high stability of the instrument, low damping and 
suitable wetting properties of the liquid on the tip. We have described a detailed 
model of the imaging process in the previous issues of this journal [13, 14]. Briefly, 
it involves the formation and rupture of a small liquid neck in each oscillation cycle 
of the AFM cantilever. The presence of the neck leads to an additional intermittent 
attractive force close to the lower turning point of the cantilever oscillation. This 
force gives rise to the change in oscillation amplitude, which provides the error 
signal for the topography feedback loop. We estimate that the distortion of the 
liquid surface, which is associated with the liquid neck, is less than 5 nm [14]. 


3. MACROSCOPIC APPROACH 
3.1, Thermodynamic considerations 


To a first approximation, the free energy of a liquid droplet residing on a solid 
substrate is given by the sum of the interfacial energies oy, Oy, and osy of the 
liquid—vapor, solid—liquid, and solid—vapor interfaces, respectively, each weighted 
by the area of the respective interface. (We can neglect gravity, because we consider 
only droplets smaller than the capillary length.) Minimization of the free energy 
shows that the equilibrium shape of the droplet is a spherical cap and that the 
equilibrium contact angle @y is given by the Young equation: 


cos(6y) = (Oy — 031)/O1- () 
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Figure 1. Optical contact angle measurements of HEG on coated Si. The cosine of the contact angle 
versus the inverse base radius is plotted. The solid line is a linear fit according to the modified Young 
equation. The inset shows a picture of a sessile drop taken with the CCD-camera of the contact angle 
measurement setup. 


This approximation includes only the contributions of the two-phase interfaces to 
droplet energy. However, the molecules close to the perimeter of the droplet, i.e. 
close to the three-phase contact line, are influenced by both the solid—liquid and the 
liquid—vapor interfaces. Therefore, another contribution to the free energy of the 
droplet arises, which is given by the product of the length of the contact line and the 
line tension I. Taking this term into account, the equilibrium shape of the droplet 
is still a spherical cap, but now the equilibrium contact angle 6(R) is given by the 
modified Young equation 


cos(@(R)) = cos(@y) — P'/(ayR). (2) 


Hence the equilibrium contact angle is expected to increase (decrease) with 
decreasing drop size for a positive (negative) I. So far, we have introduced I 
as a purely phenomenological parameter. Its relation to interfacial forces will be 
discussed in detail below. 


3.2. Optical measurements 


The inset of Fig. 1 shows a picture of a typical droplet along with its mirror image 
in the substrate. Viewed from the top, it appears perfectly circular. We recorded a 
series of images of HEG droplets with various base radii between 1 and 3.5 mm. 
The droplet contour line was determined via the software, as mentioned in the 
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experimental section. Later, the contour line was fitted using the Laplace— Young 
fitting formula to determine the contact angle. The average contact angle is 24°. 
Within the range of drop sizes investigated, there is an apparent increase in contact 
angle of 2° with decreasing R. In the modified Young plot (Fig. 1) we obtain 
a linear correlation between the cosine of 6 and the inverse drop radius. At first 
glance, it seems natural to interpret the slope in this plot as a line tension of 
rT = 9x 10-7 J/m. In this case, the extrapolated contact angle for infinitely 
large droplets is Oy = 6(R = o&) = 22,9°. The observed line tension is in 
qualitative agreement with other experiments using the same optical technique 
[10, 11]. However, we noticed a number of problems in the process of data 
recording and analyzing, which raise doubts about the accuracy of the result: the 
contact angle calculated for each specific droplet varied by + 1°, depending on the 
setting of the zooms lens on the CCD camera and on the illumination. We also 
found that the Laplace— Young fitting produced a systematically increasing fitting 
error with decreasing drop size. For comparison, we analyzed the same images 
using ellipsoidal fits of the drop shape. The contact angles usually agreed with the 
Laplace— Young fits to within +1°, but the apparent line tension varied by more than 
one order of magnitude and sometimes even changed the sign. For these reasons, we 
conclude that the accuracy of both the data acquisition and analysis of this typical 
commercial contact angle setup are insufficient to analyze reliably the variations of 
the contact angle with drop size. Probably, some of the technical limitations can 
be improved in a specifically-optimized setup. However, the method will always be 
limited to droplet sizes of +100 «wm or larger. The most obvious way to test the 
reliability of the value of Ff = 9 x 107’ J/m, however, is to extrapolate the result to 
smaller drop sizes using equation (2). For instance, we would expect a contact angle 
of 90° for R = 22 wm. In contrast, for a value of © ~ 107!° J/m, as predicted by 
theory, we obtain 6 (R = 22 xm) — 6(R = co) = 0.05°. While it is impossible to 
investigate droplets of this size with a conventional contact angle goniometry setup, 
it is very simple to distinguish between these two predictions using AFM. 


3.3, AFM measurements 


We produced micrometer-sized HEG droplets, as described above. Figure 2 shows 
an optical micrograph of a sample including the AFM cantilever. For the present 
experiments, we imaged a series of isolated droplets with base radii between 
0.38 ym and 8 xm. The base radii of the droplets were obtained from circle fits 
to the perimeter of the droplet in the AFM images. Figure 3 shows an image of 
a particularly small droplet. A few local deformations of the contact line arise 
from the residual root mean square roughness of 1 nm of the substrate. The 
distortions in the contour lines reflect the noise in the measurement. The droplet 
has a spherical cap shape, as shown by the profile (open stars) in Fig. 4. Obviously, 
the contact angle is still finite for this sub-micrometer-sized droplet. In Fig. 4, we 
plot representative profiles for a series of droplets of varying size. In sharp contrast 
to the extrapolation using the optically-measured apparent line tension, qualitatively 
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Figure 2. Optical microscope image of HEG droplets deposited from an aerosol and the AFM 
cantilever. 


Figure 3. AFM image of an HEG droplet on PTCS-coated Si (R = 0.38 um; 6 = 24.4°). The 
contour lines are separated by 10 nm. The arrow indicates the position of the profile in Fig. 4. 
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Figure 4, AFM profiles for a series of HEG droplets with different base radii. For clarity, only every 
second data point was plotted. The solid lines are spherical cap fits. 


the same contact angle is obtained for all the droplets. The solid lines are spherical 
cap fits. For comparison, we also indicate the result of the optical measurement in 
the lower left corner. 

The slope of individual profiles, as shown in Fig. 4, varies by + 2° for a series 
of profiles taken at different positions along the contact line of the same droplet. 
To improve statistics, we average the contact angles obtained at each point of the 
contact line. In practice, this is achieved by extracting profiles locally perpendicular 
to the contact line at each point along the latter. The local contact angles are 
obtained from the slopes of parabolic fits to these profiles at their intersection with 
the substrate. For the fits, we excluded the region within 10 nm above the substrate 
to avoid any possible influence of interfacial force or other possible disturbances. 
The values for 6 given in Fig. 4 are obtained by averaging the local contact angles 
over each entire AFM image. 

While the absolute accuracy of the contact angle measurements via the AFM 
is similar to the optical technique, the precision of the line tension measurement 
is improved by more than three orders of magnitude, as shown in the modified 
Young plot (Fig. 5). The open symbols are AFM results. The full square at 
1/R = O represents the average of the optical contact angle data (Fig. 1). The 
dashed line extrapolates the optical results to smaller drop size. Obviously, the 
slope of the optical measurements is several orders of magnitude too big to account 
for the contact angles measured on the micrometer-sized droplets. Instead, a 
linear fit (solid line in Fig. 5) including all the data points yields a value of 
r = —(0.95 + 1.7) x 107-!° J/m. Considering the error we cannot determine 
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Figure 5. Cosine of contact angle versus the inverse base radius. Open circles are AFM data, the filled 
square represents the average of all the data points in Fig. 1. The dashed line is an extrapolation of 
the optical results to smaller drop size. The solid line is a fit through all the data points. The indicated 
values of I’ correspond to the slopes of the dashed and solid lines, respectively. 


the sign of I from these measurements. The large error arises mainly from the 
deviation between the optical and the AFM measurements. We noticed that optical 
measurements on samples, which were exposed to the aerosol treatment in a closed 
container, produced ~2° smaller values of 6 than the fresh samples used for the 
data presented in Fig. 1. Possibly, a microscopically thin layer of liquid covering 
the whole surface forms during the deposition process of the small droplets and 
reduces the solid—vapor interfacial energy. This effect would explain the minor 
deviations between optical and AFM measurements. 


4. MICROSCOPIC APPROACH 


In Fig. 6a we plot a surface profile for a large droplet (R = 7.8 zm) in the vicinity 
of the contact line. On the horizontal scale of this plot, the asymptotic spherical 
cap profile appears as a straight line. The experimental data closely follow this 
asymptotic reference profile. Systematic deviations between the measured profile 
and the reference profile are only observed within 20 nm of the substrate. The 
maximum height difference is approximately 5 nm. To understand the deviations, 
we have to consider the influence of the interfacial forces on the surface profiles. 
First, we note that the energy of a thin homogeneous film adsorbed onto a solid 
substrate depends on its thickness / [15]. The excess free energy per unit area of 
a film with thickness / (with respect to 1 = oo) is called the effective interface 
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Figure 6. (a) Experimental AFM profile for a large HEG droplet (R = 7.8 2m) close to the 
contact line. xq indicates the intersection of the asymptotic profile (solid line) with the substrate. 
(b) Experimental effective interface potential V calculated from the experimental profile in (a). 


potential V(J). (Vl) > 0 for 1 — oo). Its derivative leads to the interfacial 
forces or, more precisely, defines the disjoining pressure I] = —dV/di. Close to the 
contact line, the local thickness /(x, y) is small and |V (/(x, y))| becomes noticeably 
larger than zero (x and y are the horizontal coordinates on the substrate). Hence, 
there is a contribution to the free energy of the whole droplet that depends on V and 
on the equilibrium shape of the surface profile within this range. The equation for 
the equilibrium profile is obtained by minimizing the free energy of the droplet. In 
the case of an axisymmetric drop, it reads [16, 17] 


l'(r) l'(r) 2 dv 
om (ee + Tp) = grt Pe (3) 
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Here, r is the radial coordinate and pp = 2o0,,/R3p is the Laplace—pressure, 
Rzp is the radius of curvature of the liquid—vapor interface, primes denote the 
derivatives with respect to r. As we saw already in Fig. 6a, the average curvature 
of the liquid—vapor interface could be neglected in the vicinity of the contact line 
for sufficiently large droplets. In this case both p, and the second term in the 
parentheses on the left-hand side of equation (3) can be omitted. We obtain the 
simplified one-dimensional analog of equation (3) [8] 

M 
Oly * eae = sade (4) 
(+x)? di 

Here we replaced r by x to be consistent with our previous notation [4]. Now, 
we calculate the effective interface potential V by integrating equation (4) using the 
numerical derivatives l’(x) and !” (x) of the experimental profile /(x) 

aC Ue wd, dx 
(I(x)) = dy / OAT mp? + const. (5) 
—OO 

We choose the constant so as to obtain V > 0 for! — oo. The open symbols 
in Fig. 6b show the result. The zero position of the thickness scale was taken as 
the average substrate height far away from the droplet. Like any value of thickness 
quoted throughout this work, the thickness in this graph is relative to the unknown 
thickness /) in that region. However, Jp is typically smaller than the roughness of 
the substrate, which gives rise to the scatter in the data points around / = 0 in 
Fig. 6b. The curve in Fig. 6b meets two important requirements. First, V remains 
fairly constant at a large film thickness, which confirms that the approximations 
leading to equation (5) are fulfilled. Second, the depth of the minimum of V at 
1 = lo for a partially wetting liquid in thermodynamic equilibrium is given by 
AV = V(co) — V(lo) = ow + Og — Oey = Ow(1 — cos(6y)). Using the asymptotic 
slope in Fig. 6a, we obtain AV = 4.4 mJ/m?, in agreement with Fig. 6b. This 
second criterion can be used as an independent test to identify possible tip-induced 
distortions of the profile. 

Once V is determined, we can calculate within the framework of the interface 
displacement model [8] 


r=tf ava — f avin f axveo 


{on i alvTFTOF - viFaoR. (6) 


—-—CO 
Here, xg denotes the intersection between the asymptotic reference profile a(x) 


and/ = Ip. a’ = O for x < xg anda’ = tan 6y for x > xq is the slope of the 
reference profile. There are two contributions to I’. The term in first set of brackets 
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arises directly from the interface potential V. The one in the second set of brackets 
arises from the additional liquid—vapor interfacial area that is created due to the 
(interface potential-induced) deformation of the profile. In both cases the respective 
contribution of the undisturbed profile in the absence of V is subtracted [18]. For 
the present data set, we obtain T = 1.7 x 107!! J/m. The absolute value is very 
sensitive to the contact angle of the reference profile. An error of AO = 0.5° leads 
to an uncertainty of AT = +3 x 107!! J/m. Comparing a series of randomly chosen 
profiles on the same droplet, we found variations of AT = +7 x 107!! J/m. Hence, 
we can give an upper limit of || = 107!° J/m based on the profile analysis. Within 
the error, [ could be either positive or negative. 

To demonstrate that a value of T >> 107!° J/m is incompatible with the AFM 
profiles, we calculated surface profiles using a model function for the effective 
interface potential. As an example that mimics the partial-wetting situation of HEG 
on silanized Si, we used a repulsive (i.e. wetting) van der Waals contribution with 
a positive Hamaker constant A and an exponential short-range contribution with a 
prefactor C < 0. 


A 
127 (1 + do)?" 


We introduced a cutoff length d) = 0.1 nm to prevent the divergence of the van 
der Waals term for] — 0. We chose a decay length ek = 1.5 nm and adjusted 
the value of C to match the experimental contact angle of 24°. The model function 
was inserted in equation (4) and the corresponding droplet profiles were computed 
numerically using a Runge—Kutta algorithm. To obtain profiles for various values 
of I, we varied A between 107! and 107!° J. (For HEG on silanized Si, we expect 
A = 1.8x107!9J, based on the refractive indices.) For each value of A, we adjusted 
C to maintain the contact angle constant. The results are shown in Fig. 7 along with 
the corresponding values of [. As expected, the deviations from the asymptotic 
reference profile increase with increasing I’. For f = 6.0 x 107! J/m the distance 
between xq and the intersection of the surface profile is Ax ~ 40 nm. Such large 
deviations are clearly incompatible with the experimental profile. The exact values 
of both the line tension and Ax depend on the specific choice of the model function. 
Qualitatively, however, other model potentials that we used for comparison also 
produced values of Ax >> 10 nm whenever the parameters were adjusted to obtain 
IF} >> 107!° J/m. 

While this result is consistent with the macroscopic approach, the calculated 
profile for A = 10~!? J does not fit the experimental data in Fig. 7. If van der 
Waals interactions were dominant in this system, we would expect deviations of the 
profile only for / < 5 nm (see solid curve in Fig. 7). However, the HEG absorbs 
significant amounts of water under ambient conditions [19]. Thus the liquid is a 
two-component system that can display concentrations gradients in the vicinity of 
the liquid—solid interface. In this case, osmotic effects produce long-range profile 
distortions and a long-range effective interface potential. Given the poor control 


Vnodei 7) = C - exp(-) als (7) 
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Figure 7. Equilibrium profiles (lines) calculated using equation (4) for the model interface potential 
(equation (7)) with a series of parameters A = 10, 100, 1000, 5000, and 10000 x 10-70 J 
corresponding to the indicated values of . I increases in the same order as A. Open squares: 
experimental data (cf. Fig. 6a). 


of these effects under ambient conditions, we do not attempt to fit or explain this 
aspect quantitatively. 


5. DISCUSSION 


In previous AFM measurements, we investigated droplets of HEG on substrates 
covered with a periodic pattern of hydrophilic and hydrophobic stripes [4]. This 
wettability pattern induced a modulation of the three-phase contact line along with 
a variation of the local contact angle. In those experiments, the line tension was 
calculated by analyzing the dependence of the local contact angle on the local 
curvature of the contact line. Equation (3) was interpreted in terms of a local balance 
of forces at the three-phase contact line. The line tension was obtained from slopes 
of the linear regions in the modified Young plot. This was an elegant way to cover 
a large range of curvature in a single measurement. With the present approach 
using homogeneous substrates, we need to image several droplets to obtain the same 
information. While this procedure is considerably more time consuming, the data 
analysis is more straightforward. First, it is technically simpler to determine the 
contact angle, because there are no variations of the local curvature of the contact 
line, which induce distortions of the profiles. Second, the interpretation of the 
results is simply a continuation of the macroscopic optical approach. Hence it 
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allows for a direct comparison to the optical measurements, as presented in Fig. 5. 
The discrepancy between the dashed line in this figure, which is based on the 
optical measurements alone, and the AFM results shows that it is not correct to 
interpret the trend in the optical measurements in terms of a line tension, as it 
appears in the modified Young equation. This conclusion is now obtained on the 
basis of the modified Young equation in its simplest form, without invoking its 
local interpretation where both 6 and the curvature depend on the position along the 
contact line. 

In spite of this conclusion, the optical contact angle measurements clearly 
produced a trend in the contact angle with changing drop size. We already 
mentioned some of the technical problems in the data analysis that in our opinion 
cause the trend in the data. An alternative explanation, which was suggested in the 
literature, is the so-called pseudo-line tension. Small-scale heterogeneities on the 
substrate cause local deformations of the contact line and thereby increase the area 
of the liquid—vapor interface. The associated modulation of the interface decays 
exponentially with increasing distance from the contact line [20]. This increases 
the total surface energy depending on the amplitude and wavelength of the contact 
line roughness. From the roughness of the contact line in the AFM measurements 
we find an upper limit of +20 nm for the amplitude. The wavelength of the 
deformations is also +20 nm. For these values, we obtain an increase in capillary 
energy per wavelength, i.e. a pseudo-line tension, of the order 10-° J/m. This 
value is approximately three orders of magnitude smaller than the slope in Fig. 2. 
Hence, we have no explanation for this trend, except for the experimental problems 
discussed earlier. 


6. CONCLUSIONS 


The possibility to image liquid structures on the nanometer scale by an AFM extends 
the range of optical contact angle goniometry by three orders of magnitude. In 
this study, we have demonstrated the use of this new technique to determine the 
line tension of a liquid—solid—vapor three-phase contact line and have compared 
it to the conventional technique of optical contact angle measurements. The AFM 
measurements revealed that the strong drop size dependence of the contact angle, 
which is frequently observed in optical contact angle goniometry, is not caused 
by the line tension. This result is obtained directly in a macroscopic approach 
by analyzing the global shape of the liquid—vapor interface of micrometer-sized 
droplets. Furthermore, in the system investigated here, the specific long-range 
interfacial forces allow for a microscopic analysis of the force-induced distortions 
of the liquid—vapor interface in the immediate vicinity of the contact line. Their 
magnitude confirms the upper limit for the line tension of F ~ 107!° J/m that was 
obtained from the global shape of the surface. We expect that similar results can be 
obtained for other organic liquids. Future experiments should also address questions 
related to substrate heterogeneities and contact angle hysteresis. 
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Abstract—Surface forces between a fractured sphalerite surface and a silica particle in supporting 
electrolyte solutions were measured using an atomic force microscope. Below pH 8, the long-range 
surface forces were found to be attractive, decreasing with increasing solution pH. The adhesion 
force varied from 18 mN/m at pH 4 to 7 mN/m at pH 8. At pH 10, an exponentially decayed 
repulsive force was measured and no adhesion was observed. The decay length was found to scale 
with the supporting electrolyte concentration. Although the repulsive force was reduced significantly 
when up to 0.5 mmol/] calcium ions were added, the surfaces remained non-adhering at contact. 
In contrast, an attractive force profile was obtained when 0.5 mmol/1 cupric ions were added, 
accompanied by an adhesion force of 16 mN/m. In general, the measured force profile can be 
accounted for by considering classical van der Waals and electrical double-layer forces for constant 
surface charge density conditions. The measured force behavior correlates well with the observations 
in sphalerite—silica heterocoagulation tests. 


Keywords: Surface forces; adhesion forces, DLVO theory; silica; sphalerite; heterocoagulation; 
flotation. 


1. INTRODUCTION 


Particle—particle interactions play an important role in a variety of industrial 
processes, including ceramic processing, powder technology, mineral flotation, 
pharmaceutical and food processing, and paint and ink formulations. In mineral 
flotation, for example, the attractive force between particles can be either beneficial 
or detrimental. For fine particle flotation, the homocoagulation of the targeted com- 
ponent is desirable as it improves the flotation rate of the component by increasing 
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its apparent particle size. The heterocoagulation of dissimilar particles, on the other 
hand, is detrimental to the separation of the component [1], although this phenom- 
enon has been used in carrier flotation to its advantage [2, 3]. In flotation, it is crucial 
to avoid heterocoagulation since at least two deleterious effects of fines can be seen: 
reduction in recovery and concentrate grade due to slime coatings and mechanical 
entrapment, respectively [4]. To obtain selective flotation, the separation and sub- 
sequent stabilization of individual components from composite aggregates have to 
be accomplished through controlling the physicochemical conditions of separation 
systems. Clearly, understanding and controlling the interaction forces among the 
particles in a processing environment are of vital importance. 

The recent advances in modern instrumentation have propelled the research in 
surface force measurements by surface force apparatus (SFA) and atomic force 
microscope (AFM) [5]. The non-DLVO (Derjaguin—Landau—Verwey — Overbeek) 
colloidal forces, such as the hydration force, hydrophobic force, undulation force, 
protrusion forces, ion correlation forces, steric forces, and structural forces in non- 
aqueous systems, have been either experimentally confirmed or newly discovered 
[6]. For mineral processing applications, the colloidal forces involved have been 
measured for a range of mineral systems, such as silica—mica [7], silica—iron 
oxide [8], silica—alumina [9], silica—covellite [10], silica—zine sulfide [11], zinc 
sulfide—zine sulfide [12], and silica—air bubbles [13-15], to name a few. In the 
measurement of the colloidal forces between a silica particle and a synthetic zinc 
sulfide particle in aqueous supporting electrolyte solutions [11], the objective was to 
determine whether asymmetric oxide—sulfide interactions could be predicted from 
the knowledge of the symmetric systems. The limited data showed a monotonic 
repulsive force profile with no adhesion on separation in a 0.2 mmol KC] aqueous 
solution at pH 5.8. In this paper, we report the detailed force measurement 
with a fractured mineral sphalerite and a silica sphere in the context of selective 
sphalerite flotation. This work stems from the observed contamination of sphalerite 
concentrate by silica, if floated from a neutral pH slurry, but not from an alkaline 
slurry. 


2. EXPERIMENTAL 
2.1. Materials 


Ultrahigh purity chemicals were used in this study. Potassium chloride (99.998%), 
sodium hydroxide (99.996%), calcium chloride (99.996%), hydrochloric acid 
(99.9999%), and cupric chloride (99.99%) were purchased from Alfa Aesar (USA) 
and used without further purification. The mineral sphalerite was purchased from 
Ward’s Natural Science Establishment (Canada). It contained 68.26% Zn and 
28.96% S with trace amounts of Fe (0.38%), Cu (0.063%), and Pb (0.012%). The 
sample was stored in a freezer at —4°C. The silica sphere was from Polysciences, 
Inc. (Warrington, PA, USA) [16]. The water used in this study was prepared using 
an Elix-5 with a Millipore-UV plus unit (Millipore, Canada). 


Surface forces between sphalerite and silica particles in aqueous solutions 559 


All the glassware was cleaned using a 10% sodium hydroxide aqueous solution 
with 5% (by volume) ethanol, and rinsed thoroughly with deionized water. The 
tools for assembling the AFM experiments and sample manipulation were cleaned 
with spectral grade chloroform, rinsed with ethanol (100%), and blow-dried with 
compressed nitrogen of ultrahigh purity. 


2.2. Instrumentation and procedures 


A Nanoscope E atomic force microscope (Digital Instruments, Santa Barbara, CA, 
USA) was used to measure the forces between the silica sphere and the fractured 
sphalerite in an aqueous medium. A detailed description of the working principles 
of the AFM for the colloidal force measurement is available in the literature 
{16-18]. In our experiments, a silica sphere was glued onto a short, thick AFM 
cantilever by means of a micro-manipulator viewed through an optical microscope. 
Effort was made to position the particle as close to the AFM tip as possible. A two- 
component epoxy, Master Bond Polymer (EP21LV, Master Bond, USA), was used 
as the adhesive. A typical micrograph of the glued silica particle onto a cantilever, 
obtained with a scanning electron microscope (SEM), is shown in Fig. 1. The 


Figure 1. SEM micrograph of a 6-jzm silica sphere glued onto an AFM cantilever used in the colloidal 
force measurements. 
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Figure 2. A typical AFM image of the fractured sphalerite surface obtained in air: contact mode 
AFM at a scan rate of 2.4 Hz. 


spring constant of the cantilever (0.32 N/m) was calculated based on its geometry 
as determined from the SEM image [9]. The sphalerite was fractured immediately 
prior to the experiment. A carefully chosen grain of sphalerite was glued onto a 
freshly cleaved mica sheet with a flat fractured face exposed for testing. A typical 
AFM image of the fractured sphalerite surface is shown in Fig. 2. Attention was 
paid to the morphology of the surface and no attempt was made to obtain the atomic 
resolution images or surface crystalline characteristics. As shown in Fig. 2, over 
the 1 x 1 wm area imaged, a few steps of <0.5 nm height were evident. With this 
scale of roughness, the fractured sphalerite surface can be considered smooth and 
suitable for AFM force measurement. 

The apparatus was assembled under a horizontal laminar flow cabinet with zero 
count of particles greater than 0.5 4m. The force measurements were performed 
with a fluid cell from Digital Instruments using freshly prepared solutions. Prior to 
the injection of the test solutions, the force was measured in air and a typical long- 
range attractive force profile was obtained. After the injection of the solution, the 
system was allowed to equilibrate for 15 min prior to the force run. A few force runs 
were performed under each test condition and only the representative force curves 
were analyzed using the established algorithm [16]. The measured forces (F') were 
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normalized by the local radius of the silica sphere (R) as F/R for comparison with 
the theory. 


3. RESULTS 
3.1. Forces in KCI solutions 


The surface forces between a silica sphere and a mineral sphalerite plate in 1 
mmol/1 electrolyte solution as a function of the solution pH are shown in Fig. 3. 
Under relatively acidic conditions of pH around 4, a long-range attractive force was 
measured. The two surfaces jumped into contact at a separation distance of ca. 30 
nm. The range of the attractive force reduced as the solution pH was increased to 6, 
with a corresponding jump-in distance of 22 nm. With a further increase in solution 
pH to 8, a small energy barrier between the two surfaces appeared at a separation 
distance of around 14 nm. The interaction became repulsive all the way down to 
the ‘contact’ without adhesion on separation when the pH was 10. The observed 
force behavior appears to agree with the expectation of the electrostatic double- 
layer forces as the surface charge density of sphalerite is anticipated to change 
from positive to negative, while silica becomes progressively more negative with 
increasing solution pH, resulting in a stronger electrostatic double-layer repulsion 
at pH around 10. Corresponding adhesion force measurements showed a decrease 
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Figure 3. Measured forces between a silica sphere and a fractured sphalerite plate in 1 mmol/1 KC} 
solution as a function of the solution pH. 
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in the adhesion force with increasing solution pH. At pH 4, the measured pull-off 
force was 18 mN/m, which reduced to 14 mN/m at pH 6 and 7 mN/m at pH 
8. At pH 10, adhesion was not observed. It appears that under the limited forces 
that can be applied in AFM, a thin molecular dimension water film remained on 
the silica surface, due to its highly hydrophilic nature. This water film prevents 
intimate contact between the sphalerite and silica, at which the attractive van 
der Waals force would dominate. It is important to mention that a monotonic 
repulsive force was reported in an earlier study with a synthetic zinc sulfide and 
silica particles under similar conditions [11]. This apparent inconsistency may be 
attributed to the differences in the surface properties of the synthetic zinc sulfide 
and natural sphalerite. Different flotation responses of these two kinds of zinc 
sulfide were reported earlier [19]. It was reported that natural sphalerite particles 
are considerably more hydrophobic than synthetic zinc sulfide [20]. 

To confirm further whether the long-range repulsive forces did arise from the 
osmotic repulsion of overlapping electrical double layers, the forces were measured 
as a function of the electrolyte concentration. The results obtained at a solution 
pH of 10 are given in Fig. 4. Figure 4a shows that the range of the repulsive force 
reduced with increasing supporting electrolyte concentration. When plotted on a 
semi-log scale as shown in Fig. 4b, an almost linear relation is seen between the 
measured force and the separation distance, suggesting an exponential decay of the 
repulsive force with the separation distance. From the best fit of the curve, decay 
lengths of 9.4, 2.9, and 0.94 nm were obtained at KCI concentrations of 167°, 1072, 
and 107! mol/I, respectively. These values correspond well with the theoretically 
expected decay lengths of 9.6, 3.0, and 0.96 nm at corresponding electrolyte 
concentrations [6], suggesting that the overlap of the electrical double layers was 
responsible for the observed repulsive force in high pH solutions. It should be 
noted that even in 0.1 mol/1 KC} solution, no adhesion force was measured, further 
confirming the existence of a thin molecular water layer at the ‘contact’ position. 


3.2. Calcium effect 


Since lime is often used as a pH modifier in sulfide flotation practice, the presence 
of calcium in the aqueous phase is anticipated to affect the interactions between the 
sphalerite and silica. The measured forces at pH 10 as a function of the calcium 
concentration are shown in Fig. 5a. Clearly, the addition of calcium ions reduced 
the long-range repulsive force. The detailed analysis showed that the reduction of 
the force could not be accounted for by the simple screening effect of increasing 
electrolyte concentration. Some degree of charge neutralization at the sphalerite 
and/or the silica surface appears to contribute to this reduction. It is interesting 
to note that at 0.5 mmol/1 calcium, the force profile remains repulsive over the 
separation range measured. At this pH, no adhesion was measured on separation in 
the presence of up to 0.5 mmol/1 calcium. This observation suggests that the two 
interacting surfaces retain surface charges of the same sign. These observations are 
consistent with earlier studies that showed minimal adsorption of calcium on silica 


Surface forces between sphalerite and silica particles in aqueous solutions 563 


KCl (mol/1) 


» 107! 
e 10°? 
v 103 


F/R (mN/m) 


“0 10 20 30 40 50 


Separation distance (nm) 


10° 
KC] (mol/]) 
#107! 
~ s: 104 
= v -3 
E 107! ° 
x 
S 
10°? 


0 10 20 30 40 


Separation distance (nm) 


Figure 4. Measured forces between a silica sphere and a fractured sphalerite plate in KC] solution 
at pH 10: (a) linear scale plot; (b) semi-log scale plot to illustrate the electrolyte concentration 


dependence of the exponential decay of long-range repulsive forces. 
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Figure 5, Effect of calcium ions on the forces between a silica sphere and a sphalerite surface in 
1 mmol/1 KCI solution: (a) at pH 10 and (b) at pH 6. 
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at pH below 10 [21]. The low adsorption density of calcium on silica below pH 10 
was attributed to a low concentration of calcium monohydroxide cations (CaOH*), 
which are considered to be the species responsible for the specific adsorption of 
metal ions on various metal oxides. Similarly, the specific adsorption of calcium 
ions on oxidized sphalerite can be considered marginal. As a result, both the silica 
and the sphalerite surfaces remain negatively charged, resulting in an electrostatic 
double-layer repulsion. It should be mentioned that over the neutral pH range, 
the addition of calcium caused a marginal increase in the attractive forces with a 
slightly increased jump-in distance. At pH 6 as shown in Fig. 5b, for example, the 
jump-in distance increased from 22 nm to 25 nm with the addition of 0.5 mmol/1 
calcium. The observed increase in the attractive forces can be accounted for by an 
increased electrostatic double-layer attraction, as an increase in the positive surface 
potential of sphalerite upon the specific adsorption of calcium ions from association 
with surface sulfur species is anticipated [22], while the negative surface electric 
potential of silica is affected only marginally, due to the lack of specific adsorption 
of calcium at this pH [21]. 


3.3. Effect of cupric ion 


Copper sulfate is typically used to activate the flotation of sphalerite in sulfide 
flotation practice. It is, therefore, interesting to study the effect of cupric ions on 
the interaction forces between sphalerite and silica. The forces measured in the 
presence of 0.5 mmol/! copper at pH 10 are shown in Fig. 6. For comparison, the 
force profiles of the silica interacting with the sphalerite in background electrolyte 
solutions with and without 0.5 mmol/1 calcium addition are also included in this 
figure. Compared with calcium, cupric ions have a more pronounced effect on the 
interaction forces. In fact, the silica became attracted to sphalerite in 0.5 mmol/l 
cupric ion solution at this pH. The energy barrier was found to be negligible and the 
surfaces jumped into contact at a separation distance of 22 nm. An adhesion force 
of 16 mN/m was measured under these conditions. Unlike the calcium ions, cupric 
ions are known to chemisorb on sphalerite and replace the lattice zinc ions [23], 
resulting in a pseudo-covellite surface positively charged at pH around 10 [24]. The 
effect of cupric ions on the surface potential can be considered marginal as cupric 
ions at pH 10 are predominately in the form of Cu(OH)2(s) or HCuO; , which are 
incapable of specific adsorption on the silica surface [21]. However, whether the 
change of the interaction forces from repulsive to attractive by the addition of cupric 
ions is mainly due to the charge reversal on sphalerite or simply by the reduction of 
surface charge accompanied by an increased surface hydrophobicity on sphalerite 
cannot be distinguished. Nevertheless, the important message is that the presence of 
cupric ions is detrimental for the rejection of silica from the sphalerite concentrate, 
due to the anticipated heterocoagulation of the two. Clearly, in the presence of 
cupric ions, raising the slurry pH to 10 alone may not be sufficient to avoid the 
heterocoagulation of silica with sphalerite. 


566 Z. Xu etal. 


v 107 mol/l KC) 
Oo With 0.5 mmol/l Ca** 
® With 0.1 mmol/l Cu2+ 


F/R (mN/m) 


Vv 
WA 
15 cou Aoteieab bea Rasta GaSe diy See Fo PeTs2 


pH = 10 


0 10 20 30 40 50 


Separation distance (nm) 


Figure 6. Effect of cupric ions on the forces between a silica sphere and a sphalerite surface in 
1 mmol/l KCI solution at pH 10. 


4, DISCUSSION 
4.1, Theoretical considerations 


To account quantitatively for the measured long-range repulsive forces at pH 10, for 
example, the electrostatic double-layer interaction energy was estimated by solving 
numerically the Poisson—Boltzmann equation using a previously developed algo- 
rithm [25]. Using the reported electrokinetic potential values of silica (—90 mV) 
and sphalerite (—35 mV) [11], the interaction energy was calculated for both con- 
stant surface potential (yy) and constant surface charge density (0) conditions. The 
results are given in Fig. 7, along with the experimentally measured force profile. A 
close match between the measured force profile and that calculated under the con- 
stant surface charge density condition confirms that the long-range repulsive force 
is indeed due to the overlap of electrical double layers around two interacting sur- 
faces. More importantly, this comparison suggests that both surfaces maintained 
their original surface charge densities during their approach to each other. Similar 
observations were reported earlier [11, 12, 26]. 

Although the long-range repulsive forces measured at pH 10 with and without 
calcium addition can be attributed to the overlapping of the electrical double 
layers around the sphalerite and silica particles, the origin of the attractive force 
remains to be determined. For the present system (silica/water/sphalerite), a 
combined Hamaker constant (A132) of 1 x 10~7° J was calculated using the known 
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Figure 7. Comparison of the measured long-range repulsion in a 1 mmol/1 KCI solution at pH 10 with 
that calculated from the DLVO theory using an exact numerical solution to the Poisson—Boltzmann 
equation, A Hamaker constant of 1 x 10~?° J and surface potentials of —90 and —35 mV for silica 
and sphalerite, respectively, were used in calculating the van der Waals and electrical double-layer 
forces. 


Hamaker constants of 1.97 x 10~° J for mica/water/ZnS [26], 10 x 107° J for 
mica/air/mica, 6.5 x 107° J for fused quartz, and 3.7 x 107° J for water [6]. With 
this Hamaker constant, the non-retarded van der Waals interaction energy (Wyaw) 
was calculated using Wyaw = —Aj32/127 D7, where D is the separation distance. 
The calculated results given in Fig. 8 are compared with those measured at pH 4. 
Clearly, the measured attractive energy is much stronger with a longer interaction 
range than that predicted from the van der Waals forces. The implication here is that 
a non-van der Waals force dominates the attractive interaction energy. 

One such attractive force could be from two overlapping electrical double 
layers of opposite charges. From the reported electrokinetic potential values, the 
interaction energy due to the overlap of electrical double layers was calculated 
using the constant surface charge density condition. The results given in Fig. 8 
show a close match between the measured and calculated interaction energy 
profiles. The close agreement appears to suggest that the electrostatic attraction 
between the two surfaces carrying opposite surface charges is responsible for the 
measured attractive energy profile. The small difference between the predicted and 
the measured attraction could be attributed to the so-called ‘hydrophobic force’, 
although marginal. The sphalerite used in this work was found to be hydrophobic 
with a contact angle of 68° in 1 mmol/1 KCI solution at pH 4. Similar contact angle 
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Figure 8. Comparison of the measured long-range attraction in a | mmol/1 KCl solution at pH 4 with 
that calculated from the DLVO theory using an exact numerical solution to the Poisson~Boltzmann 
equation. A Hamaker constant of 1 x 10~?° J and surface potentials of —41 and 38 mV for silica and 
sphalerite, respectively, were used in calculating the van der Waals and electrical double-layer forces. 


values have been reported and the surface oxidation of sphalerite was believed to 
be responsible for this hydrophobicity [20]. A detailed analysis of the contributions 
from the hydrophobic force is beyond the scope of this paper and will be addressed 
elsewhere. Nevertheless, the general agreement between the measured force profiles 
and that predicted from the classical DLVO theory suggests that the stability of 
the system can be predicted from the electrokinetic data and readily controlled by 
changing the concentration of potential-determining ions such as zinc, copper or 
sulphate ions. 


4.2. Heterocoagulation 


One of the objectives for measuring the surface forces between silica and sphalerite 
is to understand the cause of silica contamination in the sphalerite concentrate 
observed in mineral flotation practice. It was speculated that the heterocoagulation 
of silica with sphalerite was responsible for the observed concentrate contamination. 
The observed long-range attractive force and adhesion between sphalerite and silica 
over the pH range from 4 to 8 does indicate this possibility of contamination. 
To further confirm this possibility, coagulation tests were conducted. The visual 
observations are shown in Fig. 9. For a mixture of sphalerite and silica at 15:22 
weight ratio and ~1% total solids by weight, a clear supernatant was observed at pH 
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(a) (b) 


Figure 9. Visual observation on the heterocoagulation of silica with sphalerite: (a) the clear 
supernatant indicates heterocoagulation of silica with sphalerite at pH 7.1; (b) the opaque appearance 
(yellowish in color, not shown in the figure) indicates a stable suspension of silica and sphalerite at 
pH 10.6. 


7.1, as shown in Fig. 9a. As the silica suspension itself is highly stable at this pH, 
the clear supernatant suggests the heterocoagulation of the two components. At pH 
10.6, on the other hand, a stable yellowish suspension was observed, suggesting that 
both silica and sphalerite were in a dispersed state. These contrasting observations 
correspond well with the measured force profiles: an attractive force profile below 
pH 8 with a heterocoagulated system, and a repulsive force profile above pH 9 
with a dispersed suspension. The visual observation combined with the results 
from the surface force measurements suggest that heterocoagulation between silica 
and sphalerite could be one of the causes of the silica contamination in the zinc 
concentrate floated under neutral pH conditions. 

For most operations, flotation is carried out in alkaline pulps where heterocoag- 
ulation can be minimized. In this case, silica contamination is less of a problem. 
However, our study appears to suggest that the use of copper sulfate for activation 
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of sphalerite flotation is unfavorable for selective separation. The attractive force 
between silica and sphalerite would cause heterocoagulation of sphalerite with fine 
silica. To translate this knowledge into practice, the complex nature of flotation 
pulp chemistry needs to be considered. For example, the adsorption of an anionic 
collector, such as xanthate, is anticipated to neutralize the positive surface charge 
of copper-activated sphalerite and hence to minimize the electrostatic attraction. As 
a result, heterocoagulation may not be a significant issue under the hydrodynamic 
environment in flotation. Further study is needed to test this hypothesis. 


5. CONCLUSIONS 


1. The surface forces between a silica sphere and a fractured sphalerite surface in 
the supporting electrolyte solutions are attractive at pH below 8. Both the long- 
range attractive force and the adhesion force decrease with increasing solution 
pH. 

2. At pH 10, a monotonic repulsive force is observed with no adhesion on 
separation. The repulsive force decays exponentially and the decay length scales 
with the electrolyte concentration. 


3. The addition of calcium ions reduces the long-range repulsive force, with 
the surfaces remaining non-adhering at contact. The surface force becomes 
attractive upon the addition of cupric ions, with an adhesion contact being 
observed. 


4. Both repulsive and attractive force profiles can be described by the classical 
DLVO theory with a constant surface charge density condition. 


5. The measured force predicts the heterocoagulation of silica with sphalerite at pH 
below 8 but not at pH above 10, as confirmed experimentally. 
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Long-range attractive forces and energy barriers in 
de-inking flotation: AFM studies of interactions between 
polyethylene and toner 


J. DRELICH !*, J. NALASKOWSKI’, A. GOSIEWSKA!, E. BEACH! 
and J. D. MILLER” 


! Department of Materials Science and Engineering, Michigan Technological University, Houghton, 
MI 49931, USA 
2 Department of Metallurgical Engineering, University of Utah, Salt Lake City, UT 84112, USA 


Abstract—The interfacial forces between a polyethylene particle and a toner substrate in alkaline 
aqueous solutions were studied using an atomic force microscope colloidal probe technique. Mea- 
surements were taken at pH 9 in water and solutions of 5 x 1074 M CaCl, 1 x 107+ M Na oleate, 
and 1 x 10-* M Na oleate plus 5 x 10-* M CaCl in order to mimic the conditions present during 
de-inking flotation. A polyethylene particle was used to represent the air bubble. The observed inter- 
action forces were described by the extended DLVO theory. An energetic barrier caused by electrical 
double-layer repulsion was observed in water and Na oleate solutions but was greatly diminished in 
CaClz solution. A long-range attractive force was found to be present in these systems and was de- 
scribed using a simple exponential function. The long-range attractive force was virtually the same 
in water and CaCl solution but decreased significantly in Na oleate solution because of the reduced 
hydrophobicity of the interacting surfaces caused by the adsorbed carboxylate layer. However, in the 
presence of oleate and calcium ions the observed attraction was even stronger and of longer range 
than in water and CaCl solutions. Moreover, no energetic barrier was observed. These results can be 
attributed to the presence of precipitated calcium oleates on the interacting surfaces. 


Keywords: Atomic force microscopy; de-inking; flotation; hydrophobic forces; interfacial forces; 
surface chemistry; wastepaper. 


1. INTRODUCTION 


Paper recycling requires the collection of wastepaper and the cleaning of cellulose 
fibers from ink and other additives introduced during paper production and printing 
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processes. The de-inking separation is accomplished through pulping, in the first 
step, and then screening, washing, flotation, and bleaching in the following steps [1]. 
The goal of pulping is to disintegrate the complex paper matrix and release cellulose 
fibers from the ink and mineral filler. The fiber is then recovered in a combination of 
separation steps. Ink particles (as well as hydrophobized mineral filler particles) can 
be successfully removed from the paper pulp by flotation. This is due to the ‘natural’ 
hydrophobicity of many inks and attractive interactions between air bubbles and ink 
particles. Although this general strategy was recognized a long time ago, probably 
at the beginning of paper recycling activities, no direct measurement of the forces 
involved between the particulates in de-inking flotation systems has been reported 
in the technical literature, mainly due to the lack of appropriate instrumentation. 
Several surface-chemistry laboratories using atomic force microscopy (AFM) are 
now studying this issue associated with de-inking flotation [2-4]. 

We recently adapted the AFM colloidal probe technique for the examination of 
interfacial interactions, which exist in paper pulp during its processing [2]. The 
AFM measurements are carried out in selected aqueous solutions of surfactants 
and inorganic salts and involve spherical hydrophobic particles of ink (toner) and 
polyethylene, which are glued to the AFM cantilever, and substrates such as ink, 
mineral, and cellulose fiber. Through continued AFM study, we expect to reach 
an understanding of the nature of the inter-particle forces involved in de-inking 
flotation systems. This paper summarizes part of the progress that has been made in 
our research program. 

In this article, the interfacial forces measured between polyethylene particles and 
a toner substrate in water and aqueous solutions of sodium oleate and calcium 
chloride are presented. The toner was used as the real component of the paper de- 
inking flotation system. Polyethylene was used to represent an air bubble, in order to 
avoid the experimental and theoretical difficulties associated with the measurement 
of interfacial forces in three-phase systems involving elastic interface(s). There have 
been only a few attempts to measure the interfacial forces between the solid surface 
and gas bubble directly [5-8]. Most of the researchers studying the long-range 
interactions in several systems, including the particle flotation systems, have used 
an approach similar to ours and have glued hydrophobic polymers or hydrophobized 
inorganics as a probing tip to a cantilever [9-12]. 

A polyethylene particle was selected for the probe because of its relatively uni- 
form, homogeneous, and hydrophobic surface. The hydrophobicity of polyethylene 
is less than that of air. For example, the interfacial tension between polyethylene 
and water is about 50 mN/m, whereas this value is about 72 mN/m for the 
water—air interface at room temperature. Also, a difference in molecular struc- 
ture, at a sub-molecular level, can be expected for the adsorbed surfactant at the 
polyethylene—water interface compared with the adsorbed layer at the air—water 
interface. These differences, however, should not significantly affect the conclu- 
sions that have been reached in this paper. 
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We demonstrate that atomic force microscopy (AFM) is a powerful technique in 
probing long-range forces involved in the de-inking flotation system. As is shown in 
this paper, the magnitude of the interaction forces in the polyethylene—water—toner 
system depends on the solution chemistry. The forces can be increased as well as 
reduced, depending on the presence of dissolved species, carboxylate and calcium 
ions, in the solution. 


2. EXPERIMENTAL 
2.1. Materials and chemicals 


Xerox Dry Ink Plus 5052/1050 composed of styrene/acrylate polymer, carbon 
black, amorphous silica, and zinc stearate was obtained from Xerox Corporation. 
A film of toner with a flat surface was prepared by melting it on the surface of 
smooth aluminum foil in a furnace at a temperature of 130-135°C. The surface 
root-mean-square roughness for such a prepared toner substrate was examined by 
AFM and was found to vary from 3 to 10 nm, depending on the surface location. 
The interfacial force measurements, described in the next part of the paper, were 
done on carefully selected surface locations of reduced roughness. The advancing 
water contact angle measured on such prepared toner substrates was 84-87°. 

Low-density polyethylene powder (MW 1800 and melting point 117°C) was 
purchased from Scientific Polymer Products, Inc., and used to prepare spherical 
particles according to the procedure presented previously [13]. The polyethylene 
powder was suspended in glycerol, followed by heating. After reaching about 
130°C, the suspension was stirred for 3-5 min and cooled down. Precipitated 
spherical particles were filtered and washed with water, as has been described in 
detail earlier [13]. Particles with a size from 8 to 15 44m were used in the AFM 
study. The surface characterization of polyethylene particles prepared in this way 
has been presented previously [13]. 

Analytical grade sodium oleate and calcium chloride were purchased from Fisher 
Scientific. In all the experiments de-ionized water was used. Potassium hydroxide 
(Fisher Scientific) was used to adjust the pH of the solutions. 


2.2. AFM measurements of the interfacial forces 


The interfacial force measurements were performed using a Nanoscope E atomic 
force microscope from Digital Instruments, Inc. Polyethylene particles were glued 
to the AFM cantilevers by means of a micromanipulator and a CCD camera/ monitor 
system. Single-beam silicon tipless cantilevers from Digital Instruments with a 
spring constant from about 18 to 30 N/m were used in this study. The spring 
constant (k) of the cantilevers was calculated from the dimensions of the cantilever 
according to the formula 


_ ElQa+w) 


2 _ 
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where a and w are the widths of the parallel sides of the trapezoid, h is the height 
of the trapezoid, L is the length of the cantilever measured from the base to the 
center of the glued particle, and E = 1.5 x 10!! (N/m?) is the Young modulus of 
the cantilever. 

The cantilevers were coated with a gold film (5-10 nm thick) before gluing the 
particle. This coating improved the reflectance of the laser beam from the surface 
of the cantilever during the AFM measurements. 

The measurements were done in a fluid cell, provided by Digital Instruments, 
using freshly prepared solutions. The force values measured have been normalized 
with respect to the radius of the spherical particle. The diameter of the particle 
was determined from scanning electron microscopy (SEM) micrographs after 
completion of the interfacial force measurements. The SEM micrographs were also 
used to determine the dimensions of the AFM cantilevers. 


2.3. Other measurements 


Advancing contact angles were measured for gas bubbles attached to the flat 
surfaces of the toner and polyethylene substrates in water using a captive-bubble 
technique [14]. The substrate was melted on a glass slide and placed in a rectangular 
glass chamber on two stable supports with flat surfaces. The glass chamber was 
filled with an appropriate solution. A small air bubble was produced at the tip of a U- 
shaped needle using a microsyringe and this bubble was made to touch the substrate 
surface. Next, the size of the bubble was increased to approximately 60-70 wl. 
Further, the base of the gas bubble was made to shrink by decreasing the volume 
of the bubble. The image of the bubble was captured by a Kriiss Contact Angle 
Measurement System within 15-30 s. The advancing contact angle (measured 
through the aqueous phase) was determined based on the image analysis of the 
bubble. The advancing contact angles reported in this paper are for bubbles having 
a volume from about 20 to 40 wl. No significant effect of the drop volume on the 
advancing contact angle was observed in this study. 

Also, the same Kriiss instrument was used to measure the surface tension of the 
solutions. The measurements were done using the pendant drop technique at room 
temperature. 


3. RESULTS AND DISCUSSION 
3.1. Reproducibility of F/R vs. H curves 


The force versus separation distance (F/R vs. H) curves recorded for the poly- 
ethylene particle—toner substrate system in water and aqueous solutions of sodium 
oleate and calcium chloride are shown in Figs 1-4. The measurements were re- 
peated at several sites on the toner substrate in order to check the reproducibility of 
the AFM measurements. As shown in Figs 1—4, the experimental data are scattered, 
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Figure 1. Normalized force versus separation distance curves for a polyethylene particle and toner 
substrate in water at pH 9 using the colloidal probe AFM technique. The lines show the theoretical 
curves calculated based on equations (4)—-(7) and using the parameters given in Table 1. The inset 
shows the hypothetical state of interacting surfaces. 


in some cases significantly. The scatter in the experimental results is quite a typical 
response in these measurements involving a toner and polyethylene, or any other 
hydrophobic substrate. We expect that such a limited reproducibility for the F/R 
vs. H curves is a result of solid surface imperfection, typical for many real solids 
commonly used in recent AFM studies. For example, polyethylene particles pre- 
cipitated from a polyethylene-in-glycerol suspension and glued to AFM cantilevers 
sometimes reveal nanoscopic asperities at their surfaces [13]. Also, the SEM im- 
age of the surface of a melted toner substrate has revealed nano-irregularities [15]. 
Moreover, the toner used in this research was a polymeric material filled with car- 
bon and silica particles and this mixture of components might be expected to result 
in a heterogeneous toner surface. Finally, heterogeneity of the polyethylene and 
toner surfaces could arise from non-uniform adsorption and precipitation of surface- 
active species from the solutions of sodium oleate and/or calcium chloride. Indeed, 
the largest scatter in the results was observed for the sodium oleate solution and 
especially for the mixture of sodium oleate and calcium chloride solutions, where 
precipitation of the calcium soap occurs. 
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Figure 2. Normalized force versus separation distance curves for a polyethylene particle and toner 
substrate in 0.0005 M CaCl solution at pH 9 using the colloidal probe AFM technique. The lines 
show the theoretical curves calculated based on equations (4)—(7) and using the parameters given in 
Table 1. The inset shows the hypothetical state of interacting surfaces. 


It should be noted here that there is always uncertainty in the point of zero 
separation distance in AFM measurements, especially if partially elastic polymeric 
surfaces are used, as in the present study. The deformation of the particle can cause 
a displacement in the separation distance in the force versus distance graph. The 
central displacement of the particle (6) can be calculated using the JKR theory [16]: 


= a’ | (1 — v?) 
6= Ro 4x Wa — ; (2) 


3(1 — v?)R 
a as (P +37 RW + /6xRWP + GxRW)), (3) 


2 


R is the radius of the particle, W is the interfacial free energy per unit area for the 
adhering particle to a substrate, P is the load during the adhesion measurement, E 
is the Young modulus, and v is the Poisson ratio. 

Assuming for our system the following parameters: E = 0.94 GPa, v = 0.46, 
P/R = 100 mN/m, R = 5 um, and W = 100 mJ /m?, the central deformation 
of a polyethylene particle in water predicted by the JKR theory is about 25 nm for 


where 
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Figure 3. Normalized force versus separation distance curves for a polyethylene particle and toner 
substrate in 0.0001 M sodium oleate solution at pH 9 using the colloidal probe AFM technique. The 
lines show the theoretical curves calculated based on equations (4)—(7) and using the parameters given 
in Table 1. The inset shows the hypothetical state of interacting surfaces. 


adhesion contact and about 7 nm for non-adhesion contact (when W = 0). These 
values will vary if different parameters are used. For example, the Young modulus 
is from 0.2 to 1.1 GPa for polyethylene [17]. 

Schmitt et al. [18] estimated that the deformation of a polystyrene particle could 
be about 17 nm. Thus, the surface deformation effects might be significant in 
the AFM measurements. It should be recognized, however, that the JKR theory 
predicts the equilibrium deformation of the particle at infinite time. The AFM 
measurements usually take a fraction of a second. For example, we estimated that 
the time of contact between the polyethylene particle and the toner substrate was 
0.1-0.2 s in our experiments. According to recent experimental work [18], the 
rest time of several seconds is required for a particle on the substrate to reach a 
level of deformation relevant to that predicted by the JKR model. It appears from 
these results [18] that particle deformation will be a fraction of this value for a 
contact time of 0.1—-0.2 s. In view of this uncertainty, the exact degree of particle 
deformation during the AFM measurements still remains an unresolved problem. 
However, it appears to us based on the results and analysis provided by Schmitt et 
al, [18] that the deformation of the polyethylene particle should not exceed 1-4 nm. 
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Figure 4. Normalized force versus separation distance curves for a polyethylene particle and toner 
substrate in a solution of 0.0001 M sodium oleate plus 0.0005 M CaCl2 at pH 9 using the colloidal 
probe AFM technique. The lines show the theoretical curves calculated based on equations (4)-(7) 
and using the parameters given in Table 1. The inset shows the hypothetical state of interacting 
surfaces. 


This value is in the range of the scatter in the data presented in Figs 1-4. Thus, 
no correction for setting the point of zero separation was made in this paper and 
the raw AFM data are used in further discussion. Nevertheless, we agree with the 
suggestion of Schmitt et al. [18] that the serious problem of AFM measurements 
associated with particle deformation should receive more fundamental attention in 
future research. Such fundamental issues are, however, beyond the scope of this 
article, which discusses the application of AFM measurements in the analysis of 
de-inking flotation. 


3.2. Interfacial forces 


Since the aqueous systems examined included two hydrophobic substrates, poly- 
ethylene and toner, van der Waals interactions, (F'/R)vyaw, electrical double-layer 
forces, (F/R)gpi, and long-range (often attributed to ‘hydrophobic’ effects) forces, 
(F/R)yya, should contribute to the total interaction involved between the poly- 
ethylene particle and toner substrate: 


(F/R)tor = (F/R)vaw + (F/R)epi + (F/R) aya. (4) 
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This combination of forces is also known as the extended DLVO theory. Both the 
van der Waals and the electrical double-layer forces are described by the DLVO 
theory; the ‘hydrophobic’ force is a new component of the DLVO theory introduced 
in recent years [19, 20]. Although the origins and magnitude of hydrophobic forces 
are still the subject of scientific dispute, these forces seem to be extremely important 
for the success of particle flotation [20]. 

We used the following equations to describe the forces [19, 20]: 


e van der Waals force: 


(F/R)vaw = 6H! (5) 
e electrical double-layer force: 
Ano? eH 
(F/R)ept = es (6) 
EEQK 
e long-range attractive force: 
(F/R)uya = —Coe7*/; (7) 


where A123 is the Hamaker constant for the three-phase system (polyethylene —aque- 
ous phase—toner system in this research); H is the distance between the surfaces 
(polyethylene particle and toner substrate in this study); o is the mean surface 
charge density at the interface (average of surface charge at the surfaces of 
polyethylene and toner); 1/« is the Debye length; ¢ is the dielectric constant of 
the medium; € 9 is the permittivity of free space; and Cp and Dp are constants called 
the pre-exponential parameter and decay length, respectively. 

The contribution of the van der Waals forces acting between the polyethylene 
and toner in water is significantly smaller than the electrical double-layer and 
hydrophobic forces. Using formula (8), we found that the Hamaker constant for 
the polyethylene—water—toner system was Aj23 = 6.13 x 1077! J, 


Ain = (VAn — VAn)(v‘A33 — VA), (8) 


where A}; = 8.43 x 107° J is the Hamaker constant for polyethylene taken 
from ref. [21]; Ax. = 3.7 x 10-79 J is the Hamaker constant for water [19]; and 
A33 = 6.5 x 107° J [21] is the Hamaker constant for polystyrene that is assumed to 
be equal to the Hamaker constant for the toner (the major component of the toner is 
styrene/acrylate polymer and we assume that the Hamaker constant will not differ 
significantly from that for polystyrene). 

The (repulsive) electrical double-layer forces were clearly visible in the F/R vs. 
Hf curves obtained for alkaline water (Fig. 1) and sodium oleate solution (Fig. 3), 
due to the exponential character of the F/R vs. H curves. In both systems, 
repulsive forces between polyethylene and toner were recorded at distances from 
about 10-12 nm to 50 nm. At shorter distances, in any solution (Figs 1-4) 
the repulsive electrical double-layer forces were overcome by stronger long-range 


Table 1. 

Theoretical and experimental parameters describing the experimental results and systems examined. See text for details 

Solution? oO 1/K Co Do 6a (toner) 6a (PE) Yiv AE 
(mC/m?) (nm) (mN/m) (nm) (degrees) (degrees) (mN/m) (mJ/m) 

Water, 47 19 —124 2.4 86 92 72 3.1 

pH 9.0 + 0.1 

0.5 x 10-4 mM CaCh, 2.0 25 —153 2.3 85 92 72 0.8 

pH 9.0 +0.1 

1 x 10-4 M Na oleate, 72 14 —2992 1.2 79 83 45 5.5 

pH 9.0+0.1 

1 x 10-4 M Na oleate plus 0.3 92 —119 4.19 87 94 70 <0.1 

0.5 x 10-4 MCaCh, 

pH9.0+0.1 


“The concentration of 1 x 10~* M sodium oleate is less than the solubility limit, whereas in the solution of 1 x 1074 M Na oleate plus 0.5 x 10-4 M 
CaCl, the calcium oleate forms precipitates [36]. 


c8S 


‘ye 19 yous fT 
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attractive forces. This clearly indicates that competition between the repulsive 
electrical double-layer and long-range attractive forces is of primary importance 
to the success of de-inking flotation. The electrical double-layer component is 
presented in Figs 1-4. The parameters for the electrical double-layer force curve 
(mean surface charge and Debye length) were obtained by fitting equations (5) 
and (6) to the averaged experimental data. The parameters obtained from such 
fitting are presented in Table 1. These parameters are related to the ions present 
in the solution as well as adsorbed on the surface. Both interacting surfaces are 
negatively charged in alkaline water, due to the dissociation of ionic groups at the 
toner surface and the preferential adsorption of hydroxyl anions at the hydrophobic 
surfaces. The adsorption of calcium ions causes partial neutralization of the negative 
surface charge and a decrease of the mean surface charge density. The adsorption of 
dissociated oleate at the surface, through the hydrocarbon tail, results in an increase 
of the negative surface charge. A significant reduction in the surface charge density 
and the magnitude of electrostatic repulsion is observed in the presence of calcium 
oleate. We further discuss the electrical double-layer and long-range components of 
the polyethylene -—water—toner interfacial forces in the following sections. 


3.3. Long-range attractive forces 


The long-range attractive forces have become the subject of intensive experimental 
and theoretical research in recent years [22-26]. The long-range component of 
the interaction forces in the examined systems was also calculated in this study 
by fitting equation (7) to the experimental values. The fitting was done in such 
a way that the sum of all force components (extended DLVO force) would fit the 
averaged experimental results. The obtained pre-exponential parameter (Co) and 
decay length (Do) of equation (7), describing the long-range attractive forces, are 
shown in Table 1. 

The measurements of the long-range attractive forces in polyethylene—aqueous 
phase-toner systems have not been reported in the literature, so a direct justification 
of the results obtained cannot be provided. Nevertheless, the long-range attractive 
forces reported in this paper appear to be of similar magnitude and range to 
the hydrophobic forces measured between other dissimilar hydrophobic surfaces 
[22, 24, 27] having a similar degree of hydrophobicity, i.e. 80—95° for the advancing 
water contact angles. As shown in Figs 1-4, the long-range attractive forces were 
observed at distances from 10 to 35 nm. These long-range attractive forces appear 
to have a 10-20 nm shorter range than those discussed elsewhere [22, 24]. We do 
not have a clear explanation for this discrepancy; however, it should be noted that 
different ranges for long-range attractive interactions are reported in the literature 
for surfaces with similar water contact angles. Deformation of the particle during 
contact with the toner substrate, as discussed in the previous part of this paper, 
might be the reason for this discrepancy. It should also be emphasized that not 
only different solids were used in our study, but also these solid surfaces had 
a significantly different pattern of heterogeneity. Yoon and co-workers [22, 24] 
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used silica and glass covered by varying amounts of silane reagents, which usually 
form patches, non-uniformly distributed on the silanized surface, instead of a 
uniform molecular pattern [28-30]. This type of heterogeneity was not present 
in the systems studied in this program, although heterogeneities associated with the 
complex composition of the toner substrate were present in our system, as discussed 
in the previous section. In this regard, the fundamental conclusions from this applied 
research should be drawn with caution. 

The parameter Do (decay length), describing the long-range attractive forces, was 
used to analyze the differences between different solution chemistry conditions. The 
values of parameter Do are shown in Table 1. It is evident that this parameter is 
affected by changes in the adsorbed species. The correlation between the decay 
length and changes in the measured contact angle further assures that the range of 
observed long-range forces is related to the hydrophobicity of the surfaces. There 
is only a small difference in the decay length between water and calcium chloride 
solution, which can be caused by the adsorption of calcium ions at the surfaces. 
In the presence of sodium oleate solution, the decay length drops to 1.2 nm and 
closely resembles the decay length for van der Waals forces. Oleate molecules 
probably adsorbed on both of the hydrophobic surfaces, polyethylene and toner, 
through the hydrocarbon chain and with the polar group (dissociated at pH 9) 
oriented towards the aqueous phase. The dissociated carboxylic acid groups reduce 
the hydrophobicity of the solid surface. The effect of adsorbed oleate molecules 
on the hydrophobicity of the toner and polyethylene surfaces is supported by the 
contact angle measurements (Table 1). As discussed previously, there is always 
uncertainty in the point of zero separation distance for AFM measurements. Due 
to this fact, sometimes it might be difficult to distinguish between van der Waals 
and short-range hydrophobic forces. However, in the presence of the sodium oleate 
and calcium chloride mixture, the decay length is twice as large as it was in water 
and the hydrophobic attraction is observed up to 35 nm. A slight increase in the 
water contact angle was also observed. This can be explained by the adsorption of 
strongly hydrophobic particles of calcium soap at the interacting surfaces. 


3.4. Barriers against attachment of the toner to a gas bubble 


As already discussed in the previous sections, the F/R vs. H experimental curves 
are the result of a combination of long-range attractive, repulsive electrical double- 
layer, and attractive van der Waals forces operating between the polyethylene 
particle and the toner substrate. Our major focus in this study is on the long- 
range attractive force. This force, we expect, often dominates in de-inking 
flotation systems whenever ink particles exhibit strong hydrophobic properties. 
Electrical double-layer forces might be, however, of larger magnitude than long- 
range attractive forces in many systems. Such cases were observed here for the 
water and sodium oleate solution. For example, Fig. 1 shows the F/R vs. H curves 
obtained for the polyethylene—water—toner system at pH 9. Strong repulsive forces 
are clearly present in this system at distances from about 10-12 nm to 50 nm. The 
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attachment of a polyethylene particle to the toner substrate in alkaline water will 
not occur spontaneously, as in other solutions (Figs 2 and 4). In order to initiate an 
attachment process, additional external energy must be provided that is at least equal 
in magnitude to the energy barrier associated with strong repulsive interactions. 
The consequence of the existence of such energetic barriers between a gas bubble 
and ink particles in a real de-inking flotation process is that the rate of flotation 
will be significantly reduced, or even eliminated. The extent of flotation reduction 
will depend on the internal energy available to the ink—water—bubble system (at a 
microscale). 

The values of the energy barriers associated with the attachment of the model 
‘air bubble’ to the toner (AE = AF/ Ren) for the systems examined are listed 
in Table 1. The reported values are the maximum values from the fitted extended 
DLVO force curve and generally resemble the mean values for the energy barriers 
observed in the experimental force curves. As shown in Table 1, the anti-attachment 
barriers are only important in two systems: alkaline water and sodium oleate 
solution. Only a small energy barrier is observed in calcium chloride solutions. 
Practically no energy barrier was measured when a mixture of both calcium chloride 
and sodium oleate was considered. The appearance of energy barriers relates 
well to the mean surface charge obtained from the fitted electrical double-layer 
component of the total force. The surface charge is affected by species adsorbed at 
the surfaces. The preferential adsorption of calcium cations and calcium soap leads 
to a decrease in the surface charge, while the adsorption of oleate anions increases 
the negative charge at the surfaces. The increased surface charge results in a stronger 
electrical double-layer repulsion between the toner and polyethylene surfaces, and, 
consequently, a higher energy barrier is observed. 

Finally, it is a common practice in a paper mill to use fatty acids as collectors and 
calcium ions as activators in the de-inking flotation [1, 31, 32]. The results presented 
in this paper clearly indicate that a combined role of the collector and activator 
results in an increase of the attractive forces between polyethylene and toner. We 
expect that this correlation will also apply to the gas bubble—toner particle and toner 
particle—-toner particle systems in real de-inking flotation circuits. Importantly, the 
results of this study indicate that long-range forces seem to dominate and that energy 
barriers are eliminated in the solutions containing both carboxylic acid as collector 
and calcium ions as activators. 


4. CONCLUSIONS 


Long-range attractive forces were measured between polyethylene and toner in 
aqueous solutions of sodium oleate and calcium chloride using atomic force 
microscopy. The empirical exponential function (F/R)pya = Co exp(—H/Dpo) was 
used to describe these long-range attractive forces. 

The calculated decay length (Do) of the exponential function was found to vary 
from about 1.2 to 4.2 nm for the polyethylene—toner hydrophobic interactions 
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in alkaline aqueous solutions. The major increase in the Dp value was noted in 
solutions of precipitated calcium oleate, whereas the major decrease in the Do value 
was reported in the alkaline solution of sodium oleate. 

Energy barriers between polyethylene and the toner were observed in selected 
solutions and they were the result of repulsive electrical double-layer forces. In 
relation to de-inking flotation systems, the repulsive forces seem to be significant 
in low ionic strength solutions, which is generally not the case in paper recycling 
mills, where high ionic strength process water is used. This conclusion was also 
reached in previous AFM studies with tap water [33]. 

The results shown here (as well as those reported in previous papers [2, 33]) 
indicate that the range of long-range attractive force increases and the energy barrier 
decreases in the presence of calcium carboxylates. We expect the attractive forces 
between the toner and an air bubble in de-inking flotation to be enlarged in solutions 
of calcium carboxylates, which can partially explain the improved performance 
of de-inking flotation circuits using such solutions. However, agglomeration of 
ink particles through heterocoagulation, i.e. involving ink particles and calcium 
carboxylate precipitates, as recently discussed in the literature [34, 35], can be at 
least of equal importance for the success of de-inking flotation. 
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Abstract—The interactions between two glass surfaces bearing grafted polymer brushes of poly(12- 
hydroxystearic acid) (PHS) have been controlled by altering the solvent quality. The graft density 
was obtained through XPS and the solvent used was a mixture of ethanol and heptane, which was 
varied from good to poor solvency conditions by either a change of the relative concentrations of 
the two solvents, or by altering the temperature. The system is shown to be remarkably sensitive to 
the solvency conditions around the 6 position. It was also shown that hydrodynamic forces could be 
accurately and routinely accounted for in systems where the forces were monotonically repulsive. 


Keywords: Surface forces; polyhydroxystearate; 9 temperature; steric force; segment—segment 
interaction; hydrodynamic force; mixed solvent; grafted polymer; XPS. 


1. INTRODUCTION 


The interactions between polymer bearing substrates are of interest due to their di- 
verse applications as steric stabilizers and adhesion modifiers. The forces between 
such layers depend on the relative strength of the interactions between the polymer, 
the solvent and the surfaces. When one or more of these factors can be controlled, 
then the surface forces can be tuned. In general, most previous studies of the interac- 
tions of polymer coated surfaces have been performed in aqueous systems, though 
non-aqueous systems, which, in general, provide more possibilities for control of 
polymer-—solvent interactions, are also of great technological importance. Steric 
stabilization is particularly important in non-aqueous media since electrostatic stabi- 
lization is ineffective under low dielectric constant conditions. An example of such 
a nonaqueous, sterically stabilized system is found in the ceramics industry, where 
electrophoretic deposition of nanoparticles requires a non-aqueous solvent [1, 2]. 
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In general, the solvent conditions for a surface grafted polymer (as well as 
a polymer in bulk solution) can be controlled by using a mixture of good and 
poor solvents. We note that there is not always a simple relationship between 
the solvent quality and the relative amounts of ‘good’ and ‘poor’ solvents. For 
example Petrovic et al. [3] have reported that the bulk swelling of poly(propylene 
glycol) crosslinked networks in a mixture of methanol and toluene has a maximum 
in a roughly 30:70 mixture of the solvents, rather than in either pure solvent. 
Furthermore, it is also normally expected that in a mixed solvent system, there is a 
preference for the good solvent to preferentially partition on the polymer [4]. This 
has been verified by small-angle neutron scattering experiments which not only 
show the collapse—stretching transition, but, also provided the graft concentration 
is high enough, show a preferential solvation of the polymer layer [5]. Nonetheless 
for miscible solvents, the degree of swelling of polymer brushes is, in general, 
dependent on the solvent composition in a straightforward manner [6]. 

A general introduction to the literature about forces between polymer coated 
surfaces can be obtained from, for example, the review articles by Patel and 
Tirrell [7], Luckham and Klein [8], and Milner [9]. Surface force experiments have 
previously been carried out on mixed solvent systems with adsorbed polymer layers 
by various groups [6, 10-13], and the range and magnitude of the surface forces 
were strongly affected by the solvent quality. A difficulty with using adsorbed 
polymers (which, in general, are preferred in applications due to the relative 
simplicity of the attachment step) is that the solvency conditions affect not only the 
polymer conformation, but also the grafted amount. In general, substrates which 
are convenient for surface force measurements are also difficult to graft polymers 
to, however when grafting is possible the polymer concentration is constant and 
conformational behaviour can be independently monitored (see e.g. [6, 14, 15] and 
references therein). Finally, the position of the hydrodynamic slip plane and the 
flow of solvent within polymer matrixes [8, 16—19] have been investigated for these 
types of systems. 

The majority of previous work on PHS systems has been carried out on dispersed 
systems, for example by Napper [20] and others [21, 22]. In these cases the 
variations in the quality of the solvent have been used to alter the surface interactions 
and thus the colloidal behaviour. Surface force experiments in the good solvent 
regime have also been conducted on PHS by using an adsorbed comb polymer 
with PHS side-chains [23]. In this case the expected steric force was observed 
and the results correlated well with osmotic stress and rheology measurements. 
In addition, other work concerned with 2-dimensional ordering at the solvent—air 
interface has been reported [24]. Two-dimensional studies of PHS-coated silica 
particles (diameter ~2 jm), trapped at a solvent—air interface showed that the 
particles formed almost ordered arrays with a separation distance of several particle 
diameters. The conclusion was drawn that a long-range repulsive force was acting 
between the particles. However, the origin of this long-range repulsion was unclear 
since PHS is regarded as a non-charged polymer, thus excluding the possibility 
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of double-layer forces. Partly with a view to investigating this phenomenon we 
have studied the forces between two PHS-coated surfaces under good, bad, and @ 
conditions. 

In this study we have used the system of PHS terminally grafted onto glass in 
the presence of a mixed solvent of ethanol and heptane. This solvent system was 
chosen because it leads to 6 temperatures that lie within an accessible temperature 
range. A longer term goal of the study is to characterize a system where dynamic 
surface effects such as adhesion dependence on separation can be studied in terms 
of the viscoelasticity of the polymer film. 


2. MATERIALS AND METHODS 


The grafting of poly(12-hydroxystearic acid), (PHS), onto silica is a self-assembl- 
ing, two-step process developed by Pathmamanoharan [25], using a silane function- 
alized polymer. The surfaces investigated were prepared from 2 mm borosilicate 
glass rods. The rods were cleaned with ethanol, dried with a gentle N2 flow and 
then flame-cleaned. The glass rods were then held in a butane—oxygen flame and 
melted to produce spheres of roughly 4 mm diameter. The glass spheres thus pro- 
duced had very low surface roughness due to the high surface tension of molten 
glass [26]. 

The reaction between 3 g poly(12-hydroxystearic acid) (from ICI) and 0.5 ml 
of 3-Glycidoxypropyltrimethoxysilane (GPS, 98% from Aldrich) was allowed to 
take place in a reaction vessel under nitrogen with stirring at elevated temperature 
(125°C) and was catalyzed by 10 wl N,N-dimethyldodecylamine (97% from 
Aldrich) for 15 h. After cooling this mixture to room temperature, 100 ml of 
distilled toluene (p.a. Baker) was added. The freshly prepared glass spheres 
were then positioned in a Teflon-holder and immersed in functionalized PHS 
solution. The grafting of the PHS complex on the glass surfaces proceeded at room 
temperature under nitrogen for 48 h and was terminated by washing the spheres 
three times with freshly distilled toluene. The glass surfaces were then stored in 
toluene until use (maximum storage 1 week). 

The force curves were determined using a bimorph surface force apparatus 
(27, 34] known as MASIF!, which works as follows. One surface is attached to 
a piezo-electric tube, which is used to control surface separation. The position 
of this surface is calibrated by a linear variable displacement transducer (LVDT). 
The other surface is attached to a force measuring bimorph, which on deflection 
produces an electrical charge, the magnitude of which can be used to obtain the 
force. During the course of the experiment the two surfaces are brought into a hard 
contact (or ‘constant compliance’ defined as the point at which no change in the 


'MASIF (measurement and analysis of surface interaction forces), Australian Scientific Instru- 
ments, Canberra Australia (http://www.anutech.com.au/asi/). 
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Temperature controlled area 


Ambiant 
temperature 


1 = Peltier unit 
connection 
2 = Fan 
Figure 1. Schematic of the temperature control unit. The MASIF is contained within a temperature 


controlled space. The temperature is controlled by Peltier units (only one shown in schematic, real 
unit contains six Peltier units.) 


surface separation is observed as the surfaces are pushed harder together) which 
is used to define zero separation. This position is, of course, not an absolute zero 
of surface separation since the hard wall does not necessarily occur at glass—glass 
contact, particularly with grafted polymer on the surface. 

The measured forces are normalized by 27 R, which is thus equivalent to the 
interaction energy between two flat surfaces according to the Derjaguin approxima- 
tion [28]. In this case R is given by R = R; R2/(Ri + R2), where R, and R>2 are the 
radii of the two surfaces. The normalization allows for direct comparison between 
different geometries since the dependence on radius is removed. The sensitivity of 
the normalized force (F'/2z R) is of the order of 20 uN/m [26]. 

A major advantage of the MASIF instrument is its thermal control, obtained 
through the use of a commercially available control hood. In these experiments the 
temperature was varied between 21 and 45°C through the use of Peltier elements and 
fans (larger temperature spans are possible). To avoid vibrational noise, the control 
unit was shut off during measurement. This can lead to thermal drifts, though 
these are generally minor over the time scale of the measurement, typically around 
1-2 min. To our knowledge, this is the first published work using the temperature 
control unit and it is schematically illustrated in Fig. 1. 

All experiments were carried out using a mixture of ethanol (99.5%, Kemetyl) 
and distilled heptane (p.a. Merck). Ethanol acts as the flocculating agent for PHS 
whilst heptane is a good solvent. The solvent mixtures were prepared by mixing 
the pure solvents to the desired composition in a syringe, and then, after mounting 
of the surfaces, the solvent mixture was directly injected into the experimental cell. 
The cell was then allowed to equilibrate for 20 min to allow thermal equilibrium to 
be established and mixing currents to disappear. 

Due to the fact that the surfaces are ramped together at constant approach speed, 
hydrodynamic forces are in some cases important. (In general in the MASIF the 
hydrodynamic force, F/27R < 0.01 mN.) This was accounted for by calculating 
the theoretical hydrodynamic force (Fy), and subtracting it from the total force. 
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This has been achieved using the equation of Chan and Horn [29] who have solved 
the relevant hydrodynamic equations for the experimental geometry used in surface 
force measurements. 

627R? dD 1 

D dt (1) 
Where 7 is the viscosity, D is the separation between the two slip planes, dD/dr is 
the relative speed of approach of the two surfaces and R is the radius (previously 
defined). This is valid as long as the two radii used in the calculation of R are 
approximately the same, as is the case in the present set of experiments. Otherwise 
the R? term in the hydrodynamics formula becomes more complicated as described 
by Chan and Horn [29]. 

The bulk viscosity values as measured by Shikhaliev et al. [30] for various 
temperatures and mixtures of ethanol and heptane were used at all separations 
regardless of possible variations due to confinement effects between the surfaces 
or within the polymer network. In these calculations the plane of no-slip is assumed 
to lie at the position of the hard wall, which is clearly an approximation. However, 
in practice, realistic variations in the placement of the slip plane make negligible 
difference to the calculated interaction. We note that although the top surface 
moves at a roughly constant speed, the deflection of the bimorph renders the 
speed of approach a function of the surface force, and thus of the separation. A 
repulsive force between the spheres leads to a decrease in approach speed as the 
separation diminishes. This causes the hydrodynamic force to become ‘flatter’ and 
thus reduces the importance of the placement of the slip plane. For attractive force 
runs, however, the location of the slip plane may become more important since the 
surfaces approach more rapidly at small separations. 


Fy = — 


2.1. Characterization of PHS 
The polymer PHS after reaction with the anchoring silane has the following 
chemical structure, 
CoH 9 ii 
HO+C—(CH>);>—C —O c—c-c-0 4 SitO—CH3)3 
H H, H H> H, 3 
A 


The molecular weight averages My, M, and M, of the polymer were determined 
by gel permeation chromatography to be 4795, 2870, and 7279 g/mol, respectively. 
This leads to a polydispersity of My/M, = 1.67. 


2.2. XPS analysis 


X-ray photoelectron spectroscopy (XPS) was conducted using a Kratos Axis HS 
X-ray photoelectron spectrometer (Kratos Analytical, Manchester, UK). It was 
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used to obtain the atomic density of carbon at the silica surface, and hence to 
permit calculation of the amount of polymer grafted onto the surface and an 
approximation of the layer thickness in vacuum. Since the only available signals 
from the polymer are C and O and since the substrate is an oxidized silicon 
wafer, we are constrained to use the carbon signal. A certain amount of carbon 
contamination is always present, and this needs to be accounted for by considering 
the proportions of different carbon species (C1 aliphatic/C2 ether or alcohol/C4 
esters or carboxylates) in the sample. The C4 signal was used as a fingerprint for 
the polymer, and the extra C2 signal was assigned to unreacted silanes. Finally, 
excess hydrocarbon was assumed to be the background contamination (which is 
usually of the order of about 5% for these measurements). The experiments were 
run at multiple take-off angles (90, 45, 30 and 20°) with an analysis area of around 
1 mm’. The samples were analyzed in two ways. First, using a Mg K, X-ray source 
operated at 144 W (12 kV/12 mA) and for the high resolution carbon spectra a 
monochromator (Al K, X-ray source) operated at 300 W (15 kV/20 mA) was used. 
Detailed spectra for Si 2p, O 1s and C 1s were acquired with a pass energy of 80 eV 
(pass energy of 20 eV for high resolution carbon spectra). The elements present 
were first detected by wide scan spectra and then the relative surface compositions 
were obtained from quantification of subsequent detailed spectra. The sensitivity 
factors used were 0.27 for Si 2p, 0.66 for O 1s, and 0.25 for C 1s (supplied by 
Kratos). The grafted layer thickness and the grafted amount were calculated using 
the method described by Ernstsson et al. [31] as were values for photoelectron 
inelastic mean free paths (1) (equation (15) in that work). 


2.3. Scaling theory 


It is possible to fit interaction forces measured as a function of separation for steric 
interactions in good solvent using the scaling theory for polymer brushes derived by 
de Gennes [32, 33] as carried out, e.g. by Luckham and Klein [34]. 


_ kT {J ( (2L0)%4 pu aca eas (aia 
as “{[(Gasps) iu Gaon | 7 (Ga. - (733) |}: 


where s is the distance between the chain grafting points (assuming a square 
grafting lattice), 22 is the initial interaction separation (contribution of Lo from 
each surface), D is the separation between the glass surfaces, kg is the Boltzmann 
constant and 7 is the absolute temperature. The requirements for this treatment are 
strictly a large molecular weight, and a linear and monodisperse polymer brush. A 
problem arises in applying the scaling theory equations since the distance measured 
with the MASIF is not that between the glass surfaces but rather that between the 
compressed polymer layers. Whereas in the theory, zero separation corresponds to 
contact of the glass surfaces. Hence, in order to apply the theory, the unknown 
compressed layer thickness, 6 per surface, must be included as an extra fitting 
parameter. This was achieved by simply subtracting 26 from the distances entered 
into equation (2). 
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For the brush model to be valid s < Rp (where Rf is the Flory radius). In this case 
Rx has not been experimentally measured but has been calculated from Rp = 1- N° 
and using each polymer backbone unit (i.e. the methylene and the ether group) as 
the statistical unit (NV). The values obtained for the number average polymer mass 
is 3.6 nm, and for the molecular weight average polymer mass, 7.2 nm. It should 
be noted that the chain stiffness and the presence of side-chains (excluded volume 
effects) mean that Rp is underestimated in these calculations. 


3. RESULTS 


The results of the XPS analysis are summarized in Table 1. The higher signal 
intensities from the Mg/magnetic lens is generally considered to give the more 
accurate total C signal while the monochromator gives sufficient energy resolution 
to be able to distinguish the different carbon species. Thus the monochromator has 
been used to calculate ratios, while the Mg/magnetic lens has been used to obtain 
graft densities. Using the C4 as a ‘fingerprint’ for the polymer led to a calculated 
excess in both C1 and C2, indicating an additional species. The ratio of the C1 and 
C2 values is consistent with the ratio of the species in the silane monomer. Thus we 
can conclude that approximately two unreacted silane molecules appear to adsorb 
per grafted PHS polymer, based on the number average M, of the polymer. (Any 
excess Cl signal beyond that calculated for unreacted silanes is consistent with the 
contamination levels measured on reference samples of the wafer.) 

We note that the values obtained for the graft densities are not significantly 
affected by which XPS data set is used. Thus the value of 6.3 nm? for the area 
occupied per chain (or polymer molecule) on the surface (or s = 2.5 nm where s 
is the separation between grafting points) calculated from the XPS results places 
this system in the brush regime. Note also that this calculation is based on the 
number average molecular weight which we deem to be the most appropriate 
for this calculation (the use of the weight average molecular mass, My, gives a 


Table 1, 
XPS analysis 


Analysis mode Layer thickness 
Angle resolved 8A 
Single angle Mean 16.2AS.D.3.9A 
Mean 13.5A$.D.3.9A 
Detector Surface density of ester groups (or monomer units) 
Mg/magnet Mean 1.6 nm~? S. D. 0.6 nm~? 
Monochromator Mean 1.6 nm~? S. D. 0.7 nm~? 
Average area/polymer chain 6.3 nm? 


Distance between graft points (s) 2.5 nm 
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Figure 2. Force—distance profile between two PHS grafted glass surfaces in a mixed solvent of 
ethanol and heptane at 21°C, approach runs only. The profile is normalised as F/27 R vs separation 
to yield the interaction energy per unit area of flat surfaces. The upper (repulsive) curve represents the 
interaction in good solvent (40% ethanol) whilst the lower (attractive) curve represents poor solvent 
condition (43% ethanol). 


value of 3.2 nm? which is also inside the brush regime for these molecules). It is 
worth mentioning in this context that the uncertainty in the graft density due to the 
polydispersity is far larger than any uncertainty in the XPS data. 

The forces acting between the glass surfaces bearing grafted PHS layers were 
investigated as a function of solvent composition (heptane/ethanol) and tempera- 
ture. In this solvent mixture heptane is a good solvent for PHS whereas ethanol is 
a poor solvent. Figure 2 shows the forces at 21°C for nominal concentrations of 
40 and 43% ethanol (EtOH). In the upper curve (40% EtOH) the forces are purely 
repulsive and measurable at separations greater than 60 nm. The magnitude of the 
repulsion increases monotonically with decreasing separation and since the same 
force was observed on approach and separation, the adhesion between the surfaces 
was zero. Clearly these measurements are carried out under better than @ conditions 
and the repulsion is due to steric confinement of the extended polymer chains. The 
forces are extremely sensitive to an increase in the ethanol content and change from 
repulsive to attractive when the ethanol content is increased to 43% (Fig. 2). The 
attraction becomes measurable at distances below 15 nm, and we conclude that the 
grafted polymers are now in a worse than @ solvent. A jump into a small steric force 
barrier occurs from about 10 to around 1.5 nm, which is seen as a straight line in the 
force data presented in Fig. 2. The jump is the result of the spring instability, occur- 
ring due to the fact that the gradient of the force exceeds the spring constant, and the 
actual gradient of the attractive force is thus larger than indicated by the straight line 
in the figure [35]. The small steric repulsion just prior to contact is probably asso- 


Glass surfaces bearing grafted polymers 597 


Force/22R (mN/m) 


Magnitude of calculated 
hydrodinamic force 


0 25 50 
Separation (nm) 


Figure 3. Force—distance profile for surfaces on approach in good solvent (40% ethanol) at 21°C. 
The data points (—) represent measures forces with the calculated hydrodynamic force removed, whilst 
the thicher curve represents a fit to scaling theory using the brush model (s = 1.35 nm, 6 = 21.8 nm, 


Lo = 42 nm). The bottom thin curve represent the calculated hydrodynamic force which is already 
removed form the data shown. 


ciated with removal of some residual solvent from the polymer layer or restrictions 
in configurational entropy. Upon separation the surfaces adhered to each other very 
strongly with a normalized pull-off force of the order of 10 mN/m. Thus the prop- 
erties of the polymer film have changed markedly over only a 3% change in solvent 
composition leading to a transition in the surface forces from entirely repulsive to 
almost uniformly attractive. 

It should be noted that zero separation in each case is taken from the respective 
hard wall contacts, which do not necessarily correspond to the same compressed 
layer thickness since the solvent content of the compressed layer is likely to vary 
with the solvent composition. Thus, the curves are almost certainly offset from one 
another with respect to the contact position of the glass surfaces — the case of good 
solvent conditions is expected to have a larger offset in the measured zero position. 

Both curves in Fig. 2 show the total measured force, including the hydrodynamic 
repulsion. In this case, however, the ‘hydrodynamic force’ is negligible in 
comparison to the total force. This is clearly illustrated in Fig. 3. Here the data from 
the better than 6 conditions in Fig. 2 are plotted after subtraction of the calculated 
hydrodynamic force — the calculated hydrodynamic force is shown in the same 
figure and is of considerably smaller magnitude for all separations less than 50 nm. 
(At higher separations the force is tending towards the resolution limit.) Here, of 
course, the hydrodynamic force assumes a laminar flow and there is no correction 


made for percolation of solvent through the overlapping brushes and is thus no more 
than indicative. 
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The steric repulsion in Fig. 3 is represented as individual data points both to 
distinguish the data from the fits and to indicate the resolution of the technique. 
The data are shown on a semi-log plot, in order to best display deviations of the 
theoretical fits from the data. Forces below 4 x 107° N/m are difficult to measure 
accurately as seen by the scatter in the data. While the branching, the polydispersity 
and the low molecular weight of the polymer strictly exclude the applicability of the 
existing scaling theories to describe the interactions, a crude attempt has nonetheless 
been made. The fit in Fig. 3 uses the scaling theory for polymer brushes in a good 
solvent (equation (2)) according to the theory of de Gennes [32, 33]. 

Clearly, the functional form of the measured force curve is well described by 
the scaling theory despite the fact that our grafted polymer does not meet the 
assumptions mentioned above. It is expected that the general appearance of the 
interaction should be the same, however the parameters obtained from the fit are 
not expected to be reliable. The following values for the parameters are obtained, 
s = 21.8 nm, 6 = 1.35 nm and Lo = 42 nm. The fact that s, the distance between 
the chain grafting points, lies well outside the brush range (and is very different 
from that obtained from XPS) demonstrates clearly that the scaling theory is totally 
inadequate to quantitatively describe the measured interactions in this case. We also 
note that the value of Lo is significantly larger than the contour length of a fully 
stretched chain based on both the average number of monomer units (18.5 nm) and 
the average molecular weight (29.5 nm). Given the polydispersity, however, this is 
not unexpected and reflects the fact that the longer chains dominate interactions at 
large separations. 

We note in passing that, as a fitting exercise, the interactions can also be fitted 
with the scaling theory for mushroom adsorption [33] (s > Rg). The fit returns the 
following values for the parameters, s = 2.88 nm and 6 = 1.7 nm. Remarkably (and 
presumably entirely coincidentally) the graft density obtained from the mushroom 
model is very close to that obtained from XPS measurements. The fact that 
both types of scaling theories return densities in completely inappropriate regimes 
underscores the fact that the scaling theory cannot be applied to our system. 

An alternative to changing the solvent conditions in order to control the solvent 
quality is to vary the temperature. In the present case the solvent quality increases 
with increasing temperature and this was used to tune the interactions. 

In Fig. 4 the data are shown for a new set of surfaces at an elevated temperature 
of 42°C and solvent mixture containing slightly more than 40% of ethanol. An 
attractive interaction is observed. The range of the attractive force and the depth of 
the minimum are both smaller than for the lower curve in Fig. 2 which we interpret 
as evidence that the system is closer to 6 conditions. There is also a small repulsion 
prior to the onset of the poor solvent induced attraction. As can be seen by the 
upper solid line in Fig. 4, which shows the calculated hydrodynamic force, this 
repulsion is entirely accounted for by hydrodynamics. The measured force, after 
subtracting the hydrodynamic interaction, is compared with the van der Waals force 
in the inset. The van der Waals force was calculated using a non-retarded Hamaker 
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Figure 4. Force-distance profile for surfaces on approach in slightly poor solvent conditions (40% 
ethanol, 42°C). The data points (c) are shown with a hydrodynamic fit (upper curve) whilst the two 
lower curves represent van der Waals fits with Hamaker constants of 1.6 x 10721 J (left curve) and 
2.0 x 10-7! J (right curve). The arrow represents the jump into contact of the surfaces. The inset 
shows the same van der Waals fits but the calculated hydrodynamic interaction has been removed 
from the data points. 


constant (A) which was calculated using an approximate solution to the Lifshitz 
theory derived, for example, by Israelachvili [36]. In these calculations the solvent 
dielectric constant and refractive index are needed. They were approximated by 
the arithmetic mean for heptane and ethanol, considering the solvent composition 
(40% ethanol). The dielectric properties of the glass surface coated with PHS were 
assumed to be equal to that of quartz (upper limit, A = 2.0 x 107?! J) or to that 
of octane (lower limit, A = 1.6 x 107”! J). Clearly, even though the range of 
the attraction is roughly consistent with that of a van der Waals force, the distance 
dependence is not. Hence, we conclude that segment—segment attractions between 
chains extending away from the surface make an important contribution to the 
measured attraction. 

The data in Fig. 5 are obtained under identical experimental conditions as in Fig. 4, 
except for an increase in temperature of ~1°C (42 — 43°C). The main figure shows 
the total measured force, including any hydrodynamic contribution. The upper 
curve is that obtained from the approach run of the two surfaces whilst the lower 
curve is that obtained on separation. There is a clear hysteresis between approach 
and separation measurements. Such a hysteresis could be construed to be dependent 
on relaxation effects within the polymer layer. However, the inset shows the same 
data as in the main figure, with the calculated hydrodynamic contribution removed. 
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Figure 5. Approach (upper) and separation (lower) force—distance profiles at around the 6 position 
(40% ethanol, 43°C). The inset shows the same data with the calculated hydrodynamic contribution 
removed. 


It is worth noting that the hydrodynamic contributions are opposite in sign between 
the approach and separation measurements and that the curves with hydrodynamic 
interaction removed lie on top of one another. Thus hydrodynamic considerations 
are sufficient to explain the entire hysteresis apparent in the main Fig. 5. We can 
thus conclude that the measurements have been carried out slowly enough to allow 
the polymer layer to adopt its equilibrium structure at each separation. The switch 
from attraction to repulsion when increasing the temperature by 1°C indicates that 
the system is very close to 9 conditions. 

Once again, it is possible to fit the data from Fig. 5 to the theory of Dolan and 
Edwards [37] which is a scaling theory appropriate for 6 solvents. Two analytical 
expressions are obtained. The first is valid at short range whilst the second is valid 
at long range (both coinciding at intermediate ranges). Again, the current system 
is not suited to such treatment and convincing fits can be made, irrespective of the 
graft density used. 


4. DISCUSSION 


Given the polydispersity of our polymer and the fact that the scaling theory has 
been shown to be inadequate for determining parameters such as layer thickness 
and graft density (we would have been unable to determine our grafting regime 
without the aid of the XPS analysis). While the relatively low signal intensity for 
the ester peaks (our fingerprint signal for the polymer) hinders a definitive absolute 
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value of the graft density, there is no doubt that the range of values obtained place 
our polymer surfaces in the brush regime irrespective of solvent conditions. This is 
important for understanding interactions in the poor solvent case as discussed later. 
To enable us to perform the XPS measurements on flat surfaces, the measurements 
were performed on oxidized silicon wafers rather than the glass spheres used in the 
force measurements. While the silanol group density on the two surfaces is expected 
to be slightly different [38], this density is much higher than the graft densities of 
the polymers. 

The forces acting between glass surfaces coated by PHS in this mixed solvent 
system are evidently very sensitive to quite small changes in solvent composition 
and temperature. The @ point, as determined from the force measurements in this 
study, can be compared with the results of Napper [20], who studied the flocculation 
of colloidal polymer particles stabilized by PHS. The PHS polymer in that case 
formed the the non-adsorbing group of a diblock copolymer with a number average 
molecular weight of 1750 g/mol (for the PHS moiety). Napper showed that the 
critical solvent composition at which the system changed from stable to unstable 
occurred at higher ethanol concentrations with increasing temperature. The values 
reported by Napper were: 39.5% at 274 K, 50.5% at 297 K, and finally 58% at 
313 K. Although the difference in 6 compositions is only ~10% in terms of the 
ethanol concentration, this is still significant since only a 3% change in composition 
completely alters the system characteristics (Fig. 2). Although it is tempting 
to ascribe the differences to confinement effects in our case (lower curvature 
surfaces) the differences in molecular weights and grafting densities between the 
measurements make such comparisons difficult at best. 

We now consider some other previous studies of relevance to the present investi- 
gation. Markovic et al. [21] used small angle neutron scattering (SANS) to study 
a comb polymer with PHS side-chains which adsorbed via the backbone, in do- 
decane solvent, and concluded that the PHS was fully extended. Doroszkowski 
and Lambourne [24], also adsorbed a PHS comb polymer to latex particles and 
used pressure—area isotherms to measure the repulsive steric interaction in heptane. 
From comparison with theory they determined that the PHS was fully extended in 
heptane, even for low polymer surface coverage. It is, however, noted that the size 
of the PHS side-chains used in the work of Doroszkowski and Lambourne [24] was 
around half the average number molecular weight of the grafted PHS chains used 
here. The previous observations of extended PHS chains are in good agreement 
with our observation that the onset of the interaction in better-than-@ solvents oc- 
curs at large separations compared to the polymer dimensions. The length of the 
fully stretched chain based on the average number of monomers is in fact around 
18.5 nm (29.5 nm using the weight average molecular weight) whilst the onset of 
interaction corresponds to a brush length of 42 nm according to Fig. 3. Even though 
the fit tends to overestimate the force at large separation, the onset of the interac- 
tion clearly occurs at a separation much larger than that at which ‘number average’ 
chains could possibly interact. Thus we conclude that the long range interaction 
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is dominated by grafted chains that are considerably longer than the average. This 
is quite reasonable since 20% of the polymer (based on mass via gel permeation 
chromatography), when fully stretched, is longer than that needed to interact at the 
observed onset of interaction. 

The force curves measured under worse-than-9 conditions (Figs 2 and 4) display 
a long-range attraction. We have already argued that this attraction is not consistent 
with a van der Waals force using any reasonable Hamaker constant — neither is the 
functional form of the attraction consistent with such an interaction. Hence, we have 
to consider other attractive force contributions such as bridging forces and polymer 
intersegment attraction. Intersegment attractions [36, 39, 40] are always present in 
worse-than-6 conditions as by definition the segment—segment interaction becomes 
more favourable than the segment—solvent interaction. This type of attraction has 
been studied by, for example, Hadziioannou et al. [40] where surface forces were 
investigated for adsorbed di-block copolymer polystyrene brushes in toluene and 
cyclohexane, above and below the @ temperature. The results were qualitatively 
the same as observed here with an attractive force below the @ temperature which 
could not be explained by invoking a Hamaker interaction. No bridging forces 
were observed; however, for the pure polystyrene case (adsorbed polystyrene 
homopolymer) [41], the adsorbed amount was a factor of three smaller and bridging 
occurred. This is a good demonstration that bridging forces cannot occur under high 
surface coverage conditions. (Bridging forces are distinguished from intersegment 
interactions by their range and magnitude and the fact that bridging forces can occur 
in good solvent conditions.) 

The attraction observed in the present case can be explained by intersegement 
attraction, but let us also consider bridging as a possible mechanism. Bridging 
forces arise when the polymer has a preference for the substrate and the graft density 
is such that grafted molecules are able to adsorb onto the opposite surface. The 
fact that there is no hysteresis under 6 solvent conditions suggests that there is no 
polymer bridging in the present case. If bridging forces were present then these 
would not disappear under 6 conditions (or possibly even good solvent conditions) 
and hence some attraction would be expected prior to the steric repulsion (41, 42]. 

The lack of bridging is also consistent with other force measurements on PHS 
comb polymers [23] where bridging forces were not encountered. Bridging forces 
would also lead to some type of attraction in the case of colloidal suspensions, which 
is not seen [20-23]. Our XPS data indicate that we have a polymer brush and such 
a high graft density precludes the possibility of bridging in this case [7, 36, 42]. 

Modelling of interactions under poor solvent conditions is possible, though 
laborious. For example Ingersent et al. [43] modelled the interaction of polystyrene 
in cyclohexane (a poor solvent) adsorbed onto a mica surface. Measurements were 
performed in the SFA and comparisons made to the theory of Klein and Pincus [44], 
based on mean field approximations which were numerically solved. The results of 
the fits were qualitatively good, yet quantitatively only fair. We have, therefore, not 
attempted to perform similar calculations. However, we note that the force profile in 
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Fig. 4 is qualitatively consistent with the theory of Klein and Pincus [44]. The hump 
in the force curve seen in the lower curve in Fig. 2 during the last few nanometers 
before contact cannot be explained by the theory. The jump seen in this figure is of 
a large magnitude and thus the small apparent repulsion may be a dynamic effect 
since the surfaces move very rapidly during the jump. Changing to a stiffer spring 
would reduce the tendency for jumping, though at the same time it would reduce 
the sensitivity of the instrument. Since the forces in question are so small, this 
is impractical. Alternatively, the small hump may be part of a short range steric 
force due to loss of configurational entropy, or may even correspond to expulsion of 
solvent. It is not possible to distinguish between these explanations. 

We have shown in Fig. 5 that the apparent hysteresis between approach and 
separation under close to 6 conditions is purely due to hydrodynamic interactions. 
When the forces are small hydrodynamic effects can be significant even at relatively 
low approach speeds and need to be routinely accounted for. Due to the R? 
dependence of the force, the hydrodynamic interactions become more important 
in the MASIF than in the AFM — both of these techniques employ constant driving 
speeds. In the SFA, the approach is normally carried out in a step-wise fashion 
so the average approach speed is low. However, due to the larger radius in the 
SFA, care needs to be taken to allow sufficient time between measuring points if the 
equilibrium force curve is to be determined [45]. The agreement between approach 
and separation data in the inset of Fig. 5 shows just how accurately the interaction 
can be obtained assuming additivity of hydrodynamic and other force contributions. 
It also indicates that the hydrodynamic forces are accurately described by the simple 
treatment used here which assumes a laminar flow and a well-defined non-slip 
surface, despite the presence of a grafted polymer layer. 

A further conclusion that can be drawn from the complete absence of hysteresis 
in Fig. 5 is that the relaxation time of the grafted layer is much shorter than the time 
scale of the measurement. 


5. SUMMARY 


The forces between grafted PHS layers have been shown to be extremely dependent 
on the solvent conditions. The MASIF instrument has proved particularly appropri- 
ate for this study since it has permitted both straightforward temperature control of 
the solvent conditions, as well as allowing grafting of the polymer onto the surface. 
This gives the decided advantage that the adsorbed amount remains unchanged dur- 
ing changes in solvent conditions and allows meaningful comparison of the forces 
under different conditions. A major disadvantage is, of course, the inability to mea- 
sure the thickness of the compressed layer, which is important for estimating graft 
densities and to allow any theoretical fitting. 

The force can equally easily be ‘switched’ from good to poor solvent conditions 
by temperature or solvent composition changes. In good solvent conditions the 
forces are long ranged repulsive as expected but cannot be sensibly fitted with 
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scaling theory since the PHS polymer fails to meet the requirements of such an 
application. Such a fit is an important possible means of obtaining a graft density, 
but since this avenue is closed, the XPS analysis of the surface proved vital 
for establishing the grafting regime. Despite the fact that the polymer does not 
particularly lend itself to XPS analysis either, the results were sufficiently clear to 
unambiguously establish the graft density as being in the brush regime. 

We have identified a regime which we term ‘close to 6’ conditions. This was 
due to the dramatic decrease in the range and magnitude of the steric force in this 
regime compared to better than 6 conditions and the fact that only minute changes 
in the system were required to change the interaction to monotonically attractive. 
Simple hydrodynamics, which did not address percolation or plane of shear issues, 
was sufficient to completely remove the small hysteresis between approach and 
separation curves which indicates firstly that such a treatment was sufficient in this 
case and secondly that there were no viscoelastic effects in that regime. 

The expected attractions were seen in bad solvent conditions and the magnitude 
of the attraction increased with decreasing solvent quality. We have thus now 
adequately characterised the normal forces and grafting behaviour to permit analysis 
of the complex dynamic adhesion behaviour which is described in an accompanying 
paper [46], and the frictional response of such systems, which we are now 
investigating. 
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Abstract—The design of a combined topography —adhesion-stiffness imaging mode in a scanning 
force microscope (SFM) based on a digital control system is presented. The digital control system 
provides for the flexibility in designing the shape of the loading-unloading force waveform and 
enables a fast rate (up to 1 kHz) of applying the loading-unloading waveform with a pre-defined 
maximum loading force. Furthermore, flexibility in optimizing the imaging conditions and analyzing 
the resulting force—displacement data is achieved. The limiting factor for the data acquisition speed 
appears to be the viscous drag of the working medium exerted onto the SFM cantilever. It is shown 
that subtracting a no-contact, zero-deflection baseline can compensate for the effects of the viscous 
drag. The performance of the digital adhesion mapping control system is illustrated by analyzing 
several different samples: a rigid silicon grid; a molecularly thin block copolymer film; and a thin, 
heterogeneous polymer film. The remaining problems are related to the cross-talk between the 
topography and stiffness-related slope. 


Keywords: Adhesion; AFM; elasticity; pull-off force; SFM. 


1. INTRODUCTION 


Various modes of scanning force microscopy (SFM) have been used in studies of 
surfaces and interfaces since the conception of SFM in the early 1980s [1-4]. An 
increasing number of SFM-based studies are being devoted to biological systems 
and biomaterials [5-12]. The spatially resolved information about materials surface 
energetics, topography, and mechanical properties such as compliance is available 
from local SFM force—displacement measurements (often referred to as ‘force 
curves’), i.e. from the local force interaction profiles between the SFM probe 
and a small area of the specimen [13]. The SFM technique can be used to 
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correlate the spatial distribution of these material properties with the material’s 
biocompatibility, which ultimately depends on an intricate combination of surface 
energetics, topography, and mechanical properties. 

Since force—displacement measurements can provide information about material 
properties, efforts have been made to record the spatial distribution of such 
properties. Typically, a sample is driven up and down in the z-direction while being 
scanned in a raster-like fashion in the x—y plane and a force curve is obtained at 
each location. Sample properties such as the pull-off adhesion force and elasticity 
are then extracted from each force curve. The force curve analysis can be performed 
either on-line or off-line. In the so-called force volume mode, the whole three- 
dimensional (3-D) data set (x—y position, z-displacement, and force) is stored and 
analyzed off-line [13]. This operation requires a large memory and the imaging 
speed is relatively slow: the maximum speed reported in the literature is 100 
force curves per second [14]. Another way of recording the spatial distribution 
of material properties is to extract the desired parameters from the force curve by 
means of electronics hardware. Van der Werf et al. showed that with electronic 
hardware devices one could record 700 force curves per second [15]. Rosa-Zeiser 
et al. constructed the so-called pulsed force mode AFM [16], which simultaneously 
records adhesion, elasticity, and topography images. The force curve acquisition 
rate in the pulse force mode can be as high as 5 kHz. A hardware-based analysis 
system is not as flexible as a digital control system using a computer, and its use 
limits the analysis of force—displacement data. 

In general, the pull-off adhesion force between the sample surface (subscript 1) 
and a spherical probe (subscript 2) in an aqueous medium (subscript 3), Fj32, is 
related to the work of adhesion, Wj32: 


F132 => —1.57 RWj32, 


where R is the radius of the spherical probe [17]. In SFM adhesion experiments, 
the cantilever tip acts as an adhesion probe with an effective radius, R. The work 
of adhesion, W 32, depends on the interfacial energy between the sample and the 
SFM tip, yi2; the sample and the aqueous medium, 7,3; and the SFM probe and the 
aqueous medium, 73, respectively: 


Wi32 = —M12 + 13 + 23- 


Using the combination of the pull-off force and contact angle measurements 
[recall that Winn = Y»(1 + cos 6), where n stands for a liquid which shows a contact 
angle @ on a solid m], one can determine the work of adhesion (in vacuum) between 
the unknown sample and the SFM tip probe, W;2. Assuming that the contribution 
of the SFM probe surface energy to Wi remains unchanged, any variation of W)2 
can be assigned to the variation of the surface energy of the sample, ),. 

We have recently utilized SFM mapping of the pull-off adhesion forces as a means 
to elucidate the two-dimensional (2-D) distribution of the interfacial energy of 
grafted poly(ethylene oxide) (PEO) chains and micrometer-sized oxidation patterns 
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on polystyrene [18, 19]. The analysis of the 2-D distribution of interfacial energies 
was performed using force volume mode imaging implemented in a commercial 
instrument (Topometrix). We found that the PEO-chain grafted surfaces contained 
sub-micrometer domains of higher interfacial energy in the PEO layer. It is not 
known whether these adhesion ‘hot’ spots are ubiquitous to all grafted layers, or 
they resulted because of a particularly non-uniform chemistry used to graft the PEO 
chains. 

Our general aim is to measure the surface heterogeneity of a biomaterial and the 
length and time scale over which such heterogeneity exists. This information will 
be used in deciding whether a particular surface heterogeneity can be tolerated in 
a biomaterial application. In order to fulfil this aim, we needed highly resolved, 
spatial, and temporal information about the mechanical and energetic microhetero- 
geneities of the biomaterial surface. The motivation for designing a new digitally 
controlled pull-off force imaging mode was two-fold: 


(1) The force volume imaging mode used in the past had a very low data acquisition 
speed. One spatial map with 50 by 50 pixel resolution and a 50 pN force 
resolution takes 1 h of imaging time. Furthermore, it provided no information 
on the local elasticity of the sample [18]. 


(2) The pulsed force imaging mode [16], although much faster in data acquisition 
than the force volume imaging mode, is less flexible in the analysis of 
force—displacement measurements than a digitally controlled system. 


In this paper, we introduce the design of a digital control system for adhesion and 
elasticity imaging, its interfacing with an SFM microscope, and illustrate its use 
under various experimental conditions with several different samples. 


2. EXPERIMENTAL 


In a typical recording of a force—displacement curve, one drives the z-piezo element 
up and down. When the z-piezo carries the SFM cantilever with a probe tip that 
makes contact with the sample surface, a deflection of the cantilever (i.e. force) 
is recorded by a quadrant, position-sensitive photodetector (PSD) as a function of 
the piezo displacement (hence the name ‘force—displacement curve’). The typical 
triangular z-piezo driving waveform and the output signal of the PSD (proportional 
to the cantilever deflection) are shown in Fig. 1. From the cantilever deflection 
signal one can calculate two parameters: 


Fig = KAV pin = K (Van = Vinin) 
and 
Finax = K AV ax = K (Vinax Van), 


where F,q is the pull-off adhesion force, Fax is the maximum loading force, and 
Van is the average signal when the SFM probe and the sample are not in contact. 
K is the conversion constant ratio between the actual force (F, in N) and the 
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Figure 1. Cantilever deflection PSD signal during one cycle of z-piezo up-down movement driven 
by a triangular waveform. Van is the average voltage between f, and t) when the tip is not in contact 
with the sample surface. The values of AVmin and AVmmax are indicated. 


PSD signal (V, in V) (K = F/V). K needs to be calibrated using the actual 
spring constant of the cantilever by measuring the force—displacement curve on 
a stiff sample [20]. The stiffness-related information about the sample (in units of 
force/length) is calculated from the unloading part of the force—displacement curve 
(Fig. 1). 


2.1. Hardware design 


The design of a digitally controlled pull-off force acquisition board was guided by 

two principles: 

(1) maintaining a constant load, Fimax, in each cycle during the imaging of pull-off 
adhesion forces; and 


(2) achieving the fastest possible signal acquisition and on-line detection of Fg and 
Finax _ 


A Nanoscope II AFM (Digital Instruments) was used as the basic SFM instrument. 
Adding new input and output ports to the Nanoscope control unit made the raw PSD 
signal and the high-voltage piezo drivers accessible. While the control unit of the 
Nanoscope II still controls the x—y scanning of the sample, a synchronized digital 
control board which regulates the z-piezo movement and collects the data from the 
PSD detector was added. The control process is shown in Fig. 2. The D/A converter 
of the board provides the waveform that drives the z-piezo up and down. The shape 
of the driving waveform can be chosen freely between triangular, sinusoidal or any 
other desired shape. After digitization of the PSD signal, the computer analyzes the 
waveform and calculates Vinax, Vin, and Van. AVmmax is then compared with a set- 
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Figure 2. Block diagram of the digital control process. 


point value and the difference signal is used to calculate the waveform offset that 
will compensate for the topographic variation and any baseline drift. Therefore, a 
negative feedback control loop is employed to keep the loading force constant. The 
data collected from the force curves are arranged and displayed to show either the 
topography or the pull-off adhesion force. The PSD signal is also stored for further 
off-line analysis. 

There are two crucial points in the control process. First, the frequency of the 
loading force waveform needed to be synchronized with the x—y scanning rate. It 
also needed to be adjustable with a high accuracy to match the x—y scanning rate 
controlled by the Nanoscope II control unit. A programmable timer was used for 
this purpose. The second design problem was the feedback control of the maximum 
loading force, Fyyax. In order to keep the parameter Finax constant during each cycle, 
the data acquisition rate had to be fast enough to obtain the data required by the 
feedback algorithm. The typical error involved in keeping Finax constant is related 
to the error in AVax. The AVimax error for a flat surface is estimated to be below 
0.1 V, which corresponds to a load variation of the order of 1 nN. In the case of 
a very rough surface, the parameters of the feedback algorithm including the x-y 
scan rate have to be adjusted for optimal compensation of the sample topography. 

Large deflections of the cantilever can cause a non-linear PSD response. Both the 
contact and the adhesion parts of the force—displacement curve (Fig. 1) are checked 
for any non-linearity prior to the start of actual imaging. If non-linearity is present, 
a stiffer cantilever needs to be used. 

The control board was designed to provide a continuous waveform with an 
adjustable offset. The output range of the D/A (+10 V) was further divided by 5 to 
match the input range of the Nanoscope II control unit’s high-voltage piezo driver 
amplifier. The D/A resolution was set at 16 bits, to avoid any kind of resonance of 
the cantilever caused by the step function of the D/A converter. The effect of the 
driving waveform steps was reduced by using a low pass filter with an adjustable 
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cut-off frequency before the waveform was sent to the Nanoscope II input. The force 
curve frequency was set at 1 kHz. For accurate measurement of the detector signal, 
200-300 sampling points per cycle were needed, which required that the minimum 
sampling frequency of the A/D converter be set at 300 kHz. The digital control 
board was developed for a PC system on an ISA BUS prototyping breadboard (JDR- 
PR10, JDR Microdevices). This board had a 16-bit layout with a buffered data and 
address bus together with a control for address decoding. The A/D channel was 
based on an ADS7810 (Burr-Brown), 800 kHz, 12-bit A/D converter. Considering 
the minimum sampling rate of 300 kHz, and the additional calculation and display 
time, a speed of 800 kHz was a reasonable choice. The input range of the A/D 
converter was +10 V. The output range of the detector signal was +15 V, so the 
PSD signal had to be adjusted to fit the input range of the A/D converter. For 
the D/A channel, we used a 16-bit DAC712 (Burr-Brown) converter. As both the 
A/D and the D/A signals have high speed, the amplifiers used on the board were 
selected to have wide bandwidth characteristics. Both A/D and D/A conversions 
were controlled by a programmable timer (8254, Intel). The base clock signal for the 
timer was derived from the computer’s system clock. The A/D and D/A data were 
stored in the FIFO memories. This type of data storage provides for the possibility 
that the computer processor does the calculations and displays the results while 
the conversion is simultaneously taking place. The FIFO used (7202, IDT) had a 
1024 x 9-bit memory. With a parallel connection, the two FIFO units covered the 
16-bit length of the D/A and the 12-bit resolution of the A/D. The FIFO had status 
facts which gave information about the status of the memory, i.e. whether it was 
full, half-full, or empty. 


2.2. Software design 


The control software was compiled to run under DOS, which allowed for faster and 
more direct board control than under Windows. The essential components of the 
software included 


(a) hardware control: 8254 timer initialization, setting start and stop, reading from 
A/D FIFO, writing to D/A FIFO and interrupt handling; 


(b) feedback control of the loading force: generating the driving waveform, 
analysis of Vinax, Van, and Vinin, and calculating the driving waveform offset 
to compensate for topography variation; 


(c) on-line display: plot of AVnax along the time scale and display of the image of 
AVnin (or topography-related waveform offset voltage); 

(d) user interface: adjusting the PID parameter of the feedback loop control, 
reporting errors, and storing data. 


To achieve a high data acquisition rate, any on-line data handling and computation 
had to be as simple as possible. An integer form of data was used to speed up the 
calculation. Since the original data from the A/D and D/A converters had no higher 
resolution than 16 bits, a large part of the simple calculations could be done in an 
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integer mode. However, there was still some need for floating point manipulation 
such as in the PID feedback calculation, and in displaying the x—y plot of A Vmnin 
(or topography-related offset voltage). Furthermore, parameters such as the set- 
point of AVinax, the range of the z-driving waveform, and the PID parameters were 
all floating point numbers set by the user. 

A user-friendly interface was created for entering the control parameters and 
displaying the results. The software program displayed the actual parameters on 
the screen. By entering new values, the user could change the parameters. The 
program also had a range check for the input parameters: they were accepted only if 
they were in the allowed range, otherwise the program signalled the user to re-enter 
the value. Once the parameters had been entered, the software program switched to 
its control function. The program then started the timer, which, in turn, generated 
the conversion frequency for the A/D and D/A converters. After reading the A/D 
FIFO, the new topographical offset was calculated and sent to the memory of the 
D/A converter. After every cycle, the program displayed a new data point on the 
Vimax(time) plot and in the on-line image. The imaging process could be terminated 
at any time and the data and images stored. 

The analysis of the adhesion and stiffness-related maps is typically performed off- 
line. For this report, the calibration of the adhesion and stiffness-related maps was 
performed using nominal cantilever spring constants provided by the manufacturer. 
Although the actual cantilever spring constant may vary from its nominal value by 
as much as +50%, this variation only affects the absolute magnitude of pull-off 
forces and not the relative adhesion map contrast. 


2.3. Materials and methods 


Thin dewetted polystyrene films were prepared by a spin-casting procedure: 0.1 
ml of a 10 g/1 solution of polystyrene (My = 28000 Da, Aldrich) in toluene was 
spin-coated onto a glass coverslip at 4000 rpm for 2 min. The film thickness, as 
measured by ellipsometry, was approximately 100 nm. The film was annealed 
in vacuum at 160°C for 24 h. The block copolymer polystyrene—poly(ethylene 
oxide) film (My ps = 12200 Da, My pro = 23900 Da, Polymer Source, 
Inc.) was first prepared as a monolayer on the air/water interface in a Langmuir 
trough. The film was compressed to a surface pressure of 10 mN/m before it was 
transferred to a silicon wafer using a horizontal transfer technique (Jogikalmath 
and Hlady, in preparation). The silicon wafer was first made hydrophobic using 
octadecyltrichlorosilane (OTS), using the following treatment: a clean silicon wafer 
was immersed in a 0.02% (v/v) solution of OTS in dicyclohexyl for 12 h, rinsed 
with chloroform, water, and then dried. All SFM imaging was performed in water 
using the Nanoscope II head, a fluid cell, and a 10 wm x-—y-z piezo scanner. 
The cantilevers with nominal spring constants of 0.1 and 0.5 N/m were from Park 
Scientific, Inc. The magnitudes of the pull-off adhesion force and the stiffness- 
related slope were calculated using the nominal spring constants of the cantilevers 
employed in the imaging experiments. 
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3. RESULTS AND DISCUSSION 
3.1. The role of the medium viscosity 


The pull-off adhesion force, when measured in air, results from the capillary forces 
originating from a thin layer of water on the sample surface [21]. Because of that, it 
is recommended to map the pull-off forces in a liquid environment. Unfortunately, 
liquids have a much higher viscosity than air. When a cantilever moves through 
such media, its deflection is influenced not only by the interaction forces between 
the cantilever tip and the sample, but also by the viscous drag acting along the 
whole length of the cantilever. The drag affects the force measurements in two 
ways: (1) it lowers the resonance frequency of the cantilever, and (2) it modifies the 
deflection of the cantilever when it moves through the medium [22]. A traditional 
way to avoid the effect of the viscous drag on the cantilever resonance frequency 
is to work at a frequency much lower than the resonance frequency. Rosa-Zeiser 
et al. recommended that the force curve rate should be less than one-fifth of the 
cantilever resonance frequency [16]. However, a stiffer cantilever with a higher 
resonance frequency which would be suitable for faster imaging could compromise 
the resolution of the measured forces. Another approach to avoid the resonance 
is to drive the z-piezo by a sinusoidal waveform instead of the triangular wave 
[16]. Unlike the triangular driving waveform, a sinusoidal waveform has no high 
frequency components, so that one can work at higher force—displacement curve 
rates without irritating resonances. 

The viscous drag affects the deflection of the cantilever moving through the 
medium in proportion to the cantilever velocity. This effect is easily seen in the 
case when the cantilever does not make any contact with the sample. In this case, 
while working in free space and far below the cantilever resonance, the cantilever 
deflection should be zero at all times. In a liquid, however, the shape of the no- 
contact, zero-deflection baseline will depend on the driving waveform (Fig. 3). 
For a sinusoidal waveform, the zero-deflection baseline will be another sinusoidal 
waveform with approximately 90° phase shift compared with the driving waveform 
(Fig. 3a). For a triangular driving waveform, the zero-deflection baseline will 
display baseline offsets between the loading and unloading parts of the waveform 
(Fig. 3b). The magnitude of the baseline offset (Fig. 3b) and the amplitude of 
the sinusoidal baseline (Fig. 3a) depend on the cantilever velocity (i.e. on the 
force—displacement curve rate). The faster the force curve rate, the larger the 
effect. In most experiments, for the loading part of the driving waveform the zero- 
deflection baseline is above the unloading part of the baseline. However, we have 
observed a positive offset in retraction in some cases. Namely, the effect is also 
affected by the location of the laser spot on the cantilever. The reason for the 
baseline offset in the case of a triangular driving waveform has been discussed by 
Hoh and Engel [23]. They also found the offset to be linear with the cantilever 
velocity and attributed the offset to the viscous drag. As viscous drag is linear with 
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Figure 3. Effect of the medium viscous drag on the cantilever deflection. The no-contact, zero- 
deflection baseline is superimposed on a force—displacement curve measured at the same location of a 
polystyrene thin film using (a) a sinusoidal and (b) a triangular driving waveform in water. Subtraction 
of the zero-deflection baseline compensates for the viscous drag effects (c and d). 


the object velocity at low speeds, the magnitude of the baseline offset is expected to 
be linear with the force curve rate. 

As illustrated by Fig. 3, the baseline offsets can be quite large compared with 
the pull-off adhesion force. In order to measure the pull-off forces accurately, one 
has to compensate for this baseline offset. This is especially important for the 
sinusoidal driving waveforms, as the baseline is not constant along retraction. Using 
a digital control system, it is very easy to record the no-contact, zero-deflection 
baseline before each imaging experiment and subtract the baseline during the on- 
line analysis. The subtraction of the baseline is based on the assumption that 
the forces experienced in the tip—sample interactions and the viscous drag are 
additive. The compensation for the baseline offset in Figs 3a and 3b is shown in 
Figs 3c and 3d, respectively. After subtraction, the cantilever deflection signal in 
the no-contact region of the force—displacement curve is nearly constant, which 
indicates that the effect of viscous drag in the non-contact region is reproducible 
and repeatable. Since the AVinin values (which are proportional to the pull-off force) 
agreed with each other after subtraction of the zero-deflection baseline for the two 
different waveforms, we conclude that the assumption of the additivity of the pull- 
off forces and the viscous drag effect is quite reasonable (Figs 3c and 3d). 
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3.2. Adhesion dependence on loading force 


In order to find the optimum conditions for pull-off force mapping, we also studied 
the relationship between the pull-off force and the maximum loading force. Figure 4 
shows how the force—displacement curves measured between the silicon nitride tip 
and a polystyrene thin film in water change with increasing maximum loading force. 
The results indicate that a constant pull-off force is obtained once the loading force 
exceeds a certain critical value. We assume here that the effect observed is related 
to the viscoelasticity of polystyrene. A viscoelastic sample may not recover fully 
during the retraction part of the force—displacement cycle [22]. Thus, right at the 
pull-off event, the contact area between the tip and the sample will determine the 
effective radius of the tip, R. The higher the loading force, the larger the effective 
radius will be, resulting in a larger pull-off force. However, when the loading forces 
reach a certain critical magnitude, the contact area may not change very much. The 
observed loading force vs. pull-off force relationship indicates that one needs better 
control of the maximum load. If, for example, the maximum load changes due to 
topographic variations, the pull-off adhesion force will be affected even if there is 
no material difference; hence, cross-talk between the topography and adhesion will 
be present. Such cross-talk can be avoided by setting the set-point higher than the 
critical loading force. When measuring soft samples, one also needs to reduce the 
maximum load because higher loading forces may result in sample deterioration. In 
such cases, the only course left is to reduce the imaging speed, to make the feedback 
tighter on the maximum load. 
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Figure 4, Effect of the maximum loading force on the force—displacement curve measured between 
the silicon nitride tip and a polystyrene thin film in water. The magnitude of the pull-off force 
approaches a constant value upon increasing the loading force. 
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3.3. Local stiffness 


Indentation of the sample by the SFM tip at positive loading forces can be used 
to map the relative stiffness of the sample. In most cases, the slope of the 
force—displacement curve at positive loading forces varies with the displacement, as 
the indentation depth does not increase linearly with the loading force [20, 22]. The 
contact interactions between the tip and the sample are related to the viscoelastic 
characteristics of the tip and the sample, as well as to the tip geometry and the 
cantilever stiffness. We have developed a quantitative elasticity imaging technique 
based on a constant compliance feedback loop [24, 25]. Because of the need for a 
faster acquisition rate, in the present work we used a force—displacement slope at 
higher loading forces in the unloading part of the force curve to map the information 
about the relative sample stiffness (Fig. 1). At higher unloading forces, the slope is 
less affected by other events such as the jump-into-contact event (often due to the 
electrostatic interaction), or lateral displacement of the cantilever [23]. The slope, 
however, may be affected by strong adhesion forces that can ‘pin down’ the SFM 
tip and buckle the cantilever rather than deflect it [26]. 

Figure 5 shows the topography, pull-off adhesion force, and stiffness of a 
calibration silicon grid (Topometrix). The features seen in Fig. 5 are the 2 wm 
diameter mesas etched in silicon. Topography, adhesion force, and stiffness-related 
slope images (100 by 100 pixels) were recorded simultaneously in an aqueous 
solution. The total imaging time was 50 s. The respective profiles of the three 
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Figure 5. Topography, pull-off adhesion force, and stiffness-related slope maps (100 by 100 pixels) 
measured simultaneously on a silicon calibration grid (Topometrix) under aqueous solution. The 
force—displacement cycle rate was 200 Hz. The respective profiles are shown in the lower panels. 
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Figure 6. Topography, pull-off adhesion force, and stiffness-related slope maps (100 by 100 pixels) 
of a Langmuir—Blodgett film of polystyrene—poly(ethylene oxide) (PS-PEO) block copolymer on a 
hydrophobic silicon wafer. The force—displacement cycle rate was 200 Hz. The respective profiles 
are shown in the lower panels. 


surface parameters are shown in the lower panels of Fig. 5: the variation in 
topography is quite distinct (features were 0.16 ym tall). The pull-off force map 
is rather flat with a mean pull-off force of approximately 8 nN. Areas of higher 
adhesion found in-between the mesas are assumed to originate from an unknown 
residue left on the surface after the lithographic process. The variation of the 
stiffness-related slope is, as expected, quite small: the map, however, shows a 
resemblance to the topography and the shadow-like enhancement effect in the slow 
scanning directions (normal to the profile shown in the lower panel). 

Figure 6 shows a Langmuir—Blodgett film of polystyrene—poly(ethylene oxide) 
(PS—PEO) block copolymer transferred at a low surface pressure of 10 mN/m to a 
hydrophobic silicon wafer. The film, purposely transferred at low surface pressure, 
had an incomplete surface coverage: the transferred PS-PEO molecules were in 
island-like aggregates on the substrate. The respective profiles across the three 
images (100 by 100 pixels) are shown in the lower panels of Fig. 6. The three 
surface characteristics — topography, adhesion force, and elasticity — are displayed 
at 20 nm resolution. The topography map shows features of approximately 5 nm 
in height. The block copolymer dimension, based on the radii of gyration of PS 
and PEO chains, is around 9 nm (Jogikalmath and Hlady, in preparation). The 
pull-off force map shows higher adhesion on the hydrophobic silicon wafer (gray 
regions in the middle panel) and very low adhesion on the PS—PEO aggregates. 
The transferred PS—PEO islands are expected to have their PEO chains exposed 
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Figure 7, Pull-off adhesion force (a and b) and stiffness-related slope (c and d) maps (100 by 100 
pixels) measured simultaneously on a thin, dewetted polystyrene film on a glass coverslip. The PS 
film was imaged under water (left panels) and under ethanol (right panels). The force—displacement 
cycle rate was 200 Hz. The respective profiles are shown in the plots below the images. 


to the solution (dark regions in the middle panel). The stiffness-slope map shows 
a very small variation: the brighter regions of the uncoated hydrophobic silicon 
wafer indicate a stiffer material (right panel) than the PS—PEO islands. Such a 
small variation in stiffness is perhaps due to the very low thickness of the PS-PEO 
islands and the relatively large stiffness of the underlying substrate. 
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3.4. The role of different media on the pull-off forces of dewetted PS film 


Figure 7 shows the maps of the pull-off adhesion force (upper panels, Figs 7a 
and 7b) and the stiffness-related slope (lower panels, Figs 7c and 7d) measured 
on a thin (approximately 100 nm thick) dewetted polystyrene (PS) film on a glass 
coverslip. The PS film was imaged under water (left panels) and under ethanol (right 
panels). The respective profiles are shown in the plots below the images. After spin- 
casting, the film was annealed above the polystyrene 7, temperature at 160°C for 
24 h. During the annealing, the thin PS film dewets the glass coverslip surface 
because of its own surface tension and low interfacial energy. The pull-off force 
maps indicate a dramatic change in the adhesion upon replacement of water with 
ethanol: the adhesion force drops almost by two orders of magnitude and, under 
ethanol, becomes buried in the noise (the pull-off force noise level is approximately 
20 pN). The stiffness-related images do not show the same dramatic changes upon 
changing the medium (Figs 7c and 7d). Furthermore, the contrast in the stiffness- 
related slope seems to be reversed: a higher stiffness is apparently found in the PS 
regions than in the glass coverslip. We are currently investigating several possible 
causes for this contrast reversal. 


4. CONCLUSION 


In this paper we have presented the design of a combined topography —-adhesion— 
stiffness imaging mode in a scanning force microscope (SFM) based on a digital 
control system. The digital control system enabled us to define the shape of the 
loading—unloading force waveform and to achieve a fast rate (up to 1 kHz) of 
applying the loading—unloading waveform with a pre-defined maximum loading 
force. Furthermore, we achieved better flexibility in optimizing imaging conditions 
and analyzing the resulting force—displacement data. The limiting factor in the data 
acquisition speed appears to be the viscous drag of the working medium exerted 
onto the SFM cantilever. We showed that subtracting the no-contact, zero-deflection 
baseline could compensate for the effects of the viscous drag. The performance of 
the digital adhesion mapping control system was illustrated by analyzing several 
different samples: a rigid silicon grid, a molecularly thin block copolymer film, and 
a thin heterogeneous polymer film. The remaining problems that are currently under 
investigation are related to the cross-talk between the topography and the stiffness- 
related slope. 
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Abstract—The adhesion force between an atomic force microscope (AFM) tip and sample surfaces, 
mica and quartz substrates, was measured in air and water. The force curves show that the adhesion 
has a strong dependence on both the surface roughness and the environmental conditions surrounding 
the sample. The variability of the adhesion force was examined in a series of measurements taken at 
the same point, as well as at different places on the sample surface. The adhesion maps obtained from 
the distribution of the measured forces indicated regions contaminated by either organic compounds or 
adsorbed water. Using simple mathematical expressions we could quantitatively predict the adhesion 
force behavior in both air and water. The experimental results are in good agreement with theoretical 
calculations, where the adhesion forces in air and water were mostly associated with capillary and van 
der Waals forces, respectively. A small long-range repulsive force is also observed in water due to the 
overlapping electrical double-layers formed on both the tip and sample surfaces. 


Keywords: Atomic force spectroscopy; atomic force microscopy; adhesion forces; soil minerals. 


1. INTRODUCTION 


Atomic force microscopy [1] (AFM) is a powerful tool for the investigation of the 
surface morphology of polymers [2], biological materials [3], as well as in the 
study of magnetic [4], frictional [5] and adhesion forces [6—9] and surface charges 
[10] of solid materials. More recently, Atomic Force Spectroscopy (AFS) has 
been shown to be useful to measure the interaction force (e.g. adhesion force) and 
chemical properties of sample surfaces [11, 12]. Measurements of surface—surface 
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interactions at the nano-scale [13-15] are important because many materials have 
changed properties in this range [16-20]. Generally, in air the tip—sample surface 
interaction is a result of the superimposition of the van der Waals, electrostatic and 
capillary forces [11, 21]. On the other hand, two surfaces can interact in water 
through an electric double-layer, van der Waals and hydration forces [22]. 

Adsorbed water plays an important role in adhesion measurements, since it is 
responsible for the capillary force between the AFM tip and sample surface. In 
particular, with muscovite mica the adsorbed water is so strongly bound to the 
mica surface that it is impossible to remove it by simply ‘outgassing’ under UHV 
conditions or through a gentle heating of the sample [23]. Muscovite mica is ideal 
for studying a variety of surface phenomena since it is an aluminosilicate that can be 
easily cleaved yielding an atomically planar surface. It is well known that organic 
ions and simple compounds are picked up by clays (similarly to inorganic ions), and 
surface spectroscopy studies indicate the presence of carbon on the surface of air- 
cleaved mica [24]. The carbon is undoubtedly from organic origin, although there 
are evidences from surface reactivity with carbon dioxide [25]. Quartz, on the other 
hand, has a much rougher surface than mica, which is readily reflected in the force 
spectroscopy results. 

The formation of a water film on the surface of materials, mainly on soil 
minerals, is an important feature because it is related to many physical, chemical 
and biological processes occurring in soils [26-28]. The investigation of capillary 
phenomenon by AFM represents a new way of characterizing the dynamics of 
aggregates. The tip/sample interaction in such different materials can be graphically 
represented by AFS [29, 30], which is used here to show how the adhesion (pull- 
off force) between the AFM tip and solid surfaces varies with both substrate 
morphology and the environment. Adhesion maps were used to illustrate sample 
regions that had been contaminated with organic compounds. This paper focuses on 
the importance of both the local curvature and contamination of the sample surface 
on adhesion measurements. In addition, we note that the force spectroscopy is a 
useful tool to observe the influence of repulsive forces acting in liquid media. 


2. EXPERIMENTAL 


Muscovite mica and quartz plates were used as samples. Mica can be easily cleaved 
in laboratory air to yield an atomically planar surface, as shown in Fig. 1 (surface 
roughness * 0.1 nm). The mica used here was kindly donated by Dr. Jane 
Frommer from IBM Almaden Research Center (San Jose, CA, USA). This material 
is important for biological studies [30] and to investigate the fundamental principles 
of adhesion [31, 32], friction [33], vapor adsorption [34], contact angles [35], and 
surface forces involving gas, vapor and liquid systems [36, 37]. Quartz substrates 
were cleaned with a piranha solution as the surface cleaning agent, according to the 
experimental procedures described in Ref. [38]. 
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Figure 1. Topographic view, at the atomic level, of the mica muscovite surface showing the 
periodicity of the K atoms. 


All measurements were carried out on a Topometrix TMX 2010 Discoverer 
Atomic Force Microscope, operating in contact mode. The cantilevers have a 
spring constant, A = 0.13 + 0.01 N/m and tip curvature radius, R = 23 + 5 nm. 
The values of length (L), width (W) and thickness (t) of the cantilever and the 
tip radius (Fig. 2), were measured with a Philips model XL30-FEG Scanning 
Electron Microscope (SEM). The cantilever elastic constant was calculated using 
the following equation [39]: 


k = EWr?/4L’, (1) 


where E (approx. 7.3 x 10!° N/m?) is the Young modulus of the cantilever material. 

The piezoscanner is normally liable to display a behavior that departs from 
linearity between the force and the piezoscanner displacement. In order to check 
the accuracy of the measurements, subsidiary experiments were performed with a 
Topometrix standard grade silicon (Si) coated with quartz (average height: 24.0 nm 
and pitch: 15.0 wm). The errors in length measurements were lower than those 
expected for the standard grade [40], being 2.5% and 0.1% for average height and 
pitch, respectively. The scanner used in the experiments has maximum scan ranges 
of 7 xm in both x and y direction. 

The force curves (cantilever deflection versus sample displacement) were ob- 
tained by measuring the vertical displacement of the sample — driven by the 
piezoscanner — and the deflection of the cantilever with respect to its position at 
rest. The curves were acquired in ambient conditions with 47 + 3% relative humid- 
ity and 25 + 1°C temperature. Adhesion forces were measured in Milli-Q® water 
with a special cell developed by Topometrix consisting of a glass support with two 
orifices for the inlet and outlet of liquids and an O-ring for sealing it. Force curves 
were digitally acquired at 100 points equally spaced from each other over the sam- 
ple surface scanned area. Each force curve was comprised of a row of a maximum 
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Figure 2. SEM micrographs of the silicon tip (a) and silicon cantilever (b) used. 


250 data points acquired during the vertical movements of approach and retraction 
of the cantilever. Statistical software (StatSoft, 1999 version) was used to create the 
adhesion maps. 
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The adhesion forces on mica were examined by measuring the pull-off forces 
between the tip and the sample surface in the equipment calibration mode. All 
measurements were performed in both gas (air) and liquid (water) environments. 
The pull-off force detected at ambient conditions is comprised of both van der Waals 
and capillary forces. Since the effect from the capillary component is eliminated in 
water, the measured force in a liquid system is mainly attributed to the van der 
Waals interaction. Unfortunately, van der Waals forces are not the only forces 
in water. In the approach curve, just before the attractive van der Waals region, 
there is a repulsive force that raises the force curve over the zero line, which is the 
electric double-layer force, arising from charging of both sample and tip surfaces in 
liquids [41]. 


3. RESULTS AND DISCUSSION 


Figure 3a shows typical force curves for mica in air. As the piezoscanner extends 
upward approaching the tip from 1 to 2, the tip is pulled down by the attractive force 
and jumps to contact with the surface at 2. As the piezoscanner continues to extend, 
the cantilever bends upward as the tip presses onto the surface. In this case, from 2 
to 3, the slope of the force—distance curve provides information on the elasticity of 
the sample. When the tip reaches position 3, the piezoscanner retracts from the tip 
and the cantilever relaxes. As the sample continues to retract, the cantilever begins 
to bend downward, points 3 and 4, due to the adhesion force, until reaching the 
break point 4 at which the cantilever rebounds sharply upward to 5. 
The adhesion force measured between points 4 and 5 can be expressed as: 


Fadhes = Kémaxs (2) 


where Fagnes is the adhesion force (nN), k and dmax are the elastic constant and the 
maximum deflection of the cantilever, respectively. 

For mica (Fig. 3b), the force curves in water are similar to those in air, except that 
the noise in this case is much higher due to fluctuations in density and/or viscosity 
of the liquid and the piezoscanner approach speed [41]. This is indeed the reason 
why force curves cannot be obtained in some liquids. Besides, the adhesion force is 
much lower in a liquid, responsible for the behavior between points 4 and 5, as will 
be explained further. 

Because the adhesion force is an important parameter for the surface properties of 
materials, we have investigated the accuracy of the measurements. Using equation 
(1) we estimated the adhesion forces from 30 measurements in air and water to 
be, respectively, 30 + 3 nN and 12 + 1 nN, showing that the environment has 
practically no effect on the data scatter. The 10% variation in the data obtained at 
the same point might be related to the fact that in 30 measurements the tip touches 
the sample surface at different points, within what we referred to as the critical 
variability radius, ay. The definition of this critical variability radius is given in 
Fig. 4, where the dark circle below the tip corresponds to the tip—sample contact 
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Figure 3. Typical force curves for mica in air (a) and in water (b). 


area. The white circle corresponds to the maximum area of interaction between the 
tip and the sample surface (Ay = a2) as the piezoscanner retracts and approaches 
in pull-off force measurements. This critical variability radius depends on the 
previous history of the piezoscanner (creep, non-linearity, hysteresis, age, etc.) and 
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Sample 


Figure 4. Critical variability radius, ay, associated with the maximum variation of positioning of the 
piezoscanner in the measured force curves. 


Table 1. 
Average values of adhesion force to freshly cleaved mica in air and water and the variability associated 
with them 


Points Average value of the Variability 

adhesion force AF (%) 

F (nN) 

Air Water Air Water 
1 29 +3 1642 10.3 12.5 
2 32°43 1742 9.4 11.8 
3 2844 15-2 14.3 13.3 
4 28 +3 1442 10.7 14.2 
5 3143 1542 9.7 13.3 
Average value over 100 2544 12+2 16.0 16.6 
measurements 


on the mechanical and electronic factors of the equipment such as vibration, thermal 
stability, feed-forward control and noise level (data not shown). 

Figure 5a shows the topography of the muscovite mica freshly cleaved in 
air onto which force curve measurements were taken in five different regions. 
Figure 5b and 5c illustrates the corresponding adhesion map plots, in air and water, 
respectively. Each point represents 10 force curve measurements. In Fig. 5b and 5c 
the z-axis depicts the adhesion force magnitude while the xy plane corresponds to 
the sample surface. The variation in adhesion force, Faq, is given in Table 1, ranging 
from 9% to 14% depending on the region scanned during measurements in air or 
water. This confirms the statement in the previous paragraph that the environment 
has no significant effect on the adhesion variability. There is a 52% decrease in 
adhesion due to the meniscus removal, which is responsible for the capillary effect 
in the force curves in air. The adhesion shown in Fig. Sc is attributed mostly to van 
der Waals forces, while the capillary component dominates the adhesion forces in 
air (Fig. 5b). 
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Figure 5. (a) Topographical image of the mica surface with a roughness of 0.1 nm. Adhesion map 
plots illustrating the variability of the adhesion forces onto mica in air (b) and water (c). The average 
adhesion forces were F = (2544) nN in air and F = (12+ 1) nN in water. The black regions 
correspond to values up to 30% above the average adhesion. 
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Figure 6. (a) Histogram illustrating how the adhesion to quartz varies. (b) Schematic diagram 
showing the interaction between the AFM tip and the sample surface, and its influence on the 
magnitude of the measured adhesion force (adapted from Ref. [50]). 


In order to confirm the importance of surface roughness, adhesion forces were 
measured on quartz samples, which had a higher surface roughness (21 nm) for 
a scanned area of 1 zm?. Such high value compared with that on mica leads to a 
larger variation in the adhesion force as the area is scanned, as shown in Fig. 6a. 
The adhesion force varied within 16% on smoother regions and 29% on rougher 
areas. The increased adhesion in smoother areas is consistent with the literature 
[42-45] as the surface properties at the nano-scale level, such as adhesion, are 
strongly influenced by the topography of the sample surface. Moreover, even a 
small surface roughness decreases significantly the adhesion force [46]. 
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A commonly used representation of the tip/sample surface system is to consider 
the tip as a sphere of radius R and the sample surface as a plane [47, 48], as it 
was considered here. Figure 6b shows how the sample topography influences the 
adhesion force. The maximum adhesion force is reached when the tip is in region 
3 where there is a larger contact area than those in regions | and 4, since a large 
part of the tip is in contact with the sample surface. The minimum adhesion force is 
measured in region 2 where the contact area is reduced and the effective bending is 
minimum. Therefore, adhesion maps are able to reveal differences in the topography 
of the samples. Willing et al. [49] studied adhesion based on the use of a colloidal 
probe in conjunction with the force-volume technique, where the spatial variation 
of the adhesion was visualized by analyzing the force-volume data with a software 
to create adhesion area maps. 

Figure 7 shows three adhesion maps acquired in different regions of mica after 
2 h of air exposure with constant humidity. The adhesion map in region A 
(Fig. 7a) indicates a decrease of approximately 33% in the adhesion force. The 
difference in roughness between regions A, B (Fig. 7b) and C (Fig. 7c) is small and, 
therefore, the maximum deviation in the adhesion force due to roughness should 
be smaller than 17% (regional variability, Table 1) for a mica sample. Thus, the 
33% decrease in region A is assumed to arise from organic contamination, since the 
mica becomes hydrophobic after air exposure [50, 51]. The observed differences 
in force-curve measurements have been attributed to the adsorbed layer formed on 
mica surfaces cleaved in laboratory air. This adsorbed layer has often been referred 
to as ‘organic’, because of the presence of organic carbon detected by surface 
spectroscopic techniques such as SSIMS [52] and XPS [53]. The thickness and 
composition of this adsorbed layer on mica will vary depending on the laboratory 
atmosphere and the experimental procedures used. 

The adhesion force is influenced by the sample conditions. Considering that part 
of this force is caused by adsorbed water, it is important to clarify the contamination 
effect in the pull-off force measurements. The presence of an organic contaminant 
layer onto a solid surface changes the contact angle, thus influencing the adsorption 
of a water layer over the sample surface. Consequently, changes in adhesion will be 
observed. The adhesion maps will show how the spatial variations of the sample-tip 
interactions depend on the surface conditions. 

The regions B and C illustrated in Fig. 7, have a thin water layer, as will be shown 
later. The capillary force is given by [54]: 


F** = 27 Ryyy(cos 6, + cos 4), (3) 


cap 


where jy is the liquid—vapor interfacial free energy, R is the radius of the AFM 
tip and 6, and @ are the contact angles of water for the mica surface and the tip, 
respectively. For freshly cleaved mica, the water contact angle is ~0° and for 
oxidized silicon tip (exposed to air) the contact angle is +79° (data not shown). 
Contact angle measurements were made with an optical microscope with a digital 
camera by measuring the angle between the surface and the tangent drawn on the 
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Figure 7. Adhesion maps onto mica: (a) region A(R = 1.3 A; F= (16 + 3) nN), (b) region B 
(R = 1.1 A; F = (23 £3) nN); and (c) region C (R = 1.1 A; F = (2444) nN). Each adhesion map 


corresponds to a scanning area of 1 ~m?. The black regions correspond to values up to 30% above 
the average adhesion. 
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water droplet image (five measurements were made on each surface of mica). The 
surface free energy of the adsorbed water layer is jy = 72.0 mJ/m?. 

The resultant capillary adhesion force due to the presence of adsorbed water is 
15 + 3 nN, from equation (3), with an estimated scatter of 20% due to errors in the 
measurements of contact angle and radius of curvature of the tip. This theoretical 
value is lower than that in Fig. 7 for regions B and C, because the contribution from 
van der Waals forces (F,gw) to adhesion was not taken into account in the theoretical 
calculation. The equation that relates the van der Waals forces (contact adhesion in 
the condensate, Faw) and capillary forces is given by [32]: 


wait, = 20 Ryy(cos 6; + cos 62) + Fyaw; (4) 


where the second term on the right-hand side of equation (4) is the contact adhesion 
from the van der Waals forces [55]. One may eliminate capillary forces by 
measuring adhesion with both sample and AFM tip in the water, allowing one to 
estimate the contribution from the van der Waals forces only. 

The force measured on the AFM cantilever in a liquid environment can be 
estimated using the Derjaguin—Muller—Toporov (DMT) [56] theory as: 


ea = 2 RW 32, (5) 


where R is the AFM tip radius and w 32 is the work of adhesion per unit area 
between the AFM Si tip (subscript 2) and the sample surface (subscript 1) in a liquid 
environment (subscript 3). The DMT equation applies to rigid systems with low 
adhesion and small radii of curvature, but it can underestimate the true contact area. 
Equation (5) is correct for a spherical tip in contact with a planar surface, valid for 
long-ranged attraction around the periphery of the contact area, with the tip—sample 
geometry being constrained to remain Hertzian [57]. In other words, the DMT 
theory is the Hertzian theory with an offset due to surface forces, and no hysteresis 
between loading and unloading. However, Beach et al. [58] showed that the pull-off 
forces were not very sensitive to the maximum applied load suggesting that the use 
of continuum elastic contact mechanics in the analysis of measured force curves was 
not as straightforward as usually assumed in the literature. In our case, the work of 
adhesion (Si tip—water—mica) is 7132 = 0.11 J/ m?, resulting in an adhesion force 
of 16 + 2 nN in water. From equation (4) it is possible to obtain the theoretical 
value of the adhesion force in air on freshly cleaved mica, which is 31 + 5 nN. 
The adhesion force results in air presented in Fig. 7b and 7c, Fadhes = 23 + 3 
and Fidhes = 24 + 4 nN, respectively, demonstrate that the experimental data are 
consistent with the calculated values. 

In order to separate the adhesion force fractions from each other, the pull-off 
forces were measured under two conditions in the same experimental assembly. 
Figure 8 shows a comparative plot between theoretical and experimental results in 
air and water. Histogram A shows a good agreement between the experimental pull- 
off forces in air and the theoretical results using equation (4), with the differences 
within the expected variation. This histogram represents the sum of the capillary 
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Figure 8. Histogram illustrating the theoretical and experimental variations of the adhesion force 
components in air and water. 


and van der Waals interaction forces, i.e. Fo. = Frap + Fvaw. Histogram B shows 
the experimental and theoretical (equation (5)) results in water. It can be seem that 
the error bars do not overlap, indicating that the differences are no more than the 
22% estimated error, confirming the existence of the repulsive force due to double 
layer. This histogram represents the adhesion effect caused mainly by the van der 
Waals interaction between the tip and the sample, i.e. FS" = Fyaw. Histogram C 
shows the capillary force component obtained from equation (3) and the difference 
between the experimental pull-off forces in air and water, ie. Fy. — FM = Feap. 

The difference between the theoretical (16 + 2 nN) and experimental (12 + 1 nN) 
values for water, presented in Histogram B, comes from the repulsive forces 
between the tip and the mica surface. When immersed in a polar liquid medium 
like water, surface charges are induced on both the tip and the sample surface 
due to ionization, dissociation or spontaneous adsorption of charged species. To 
keep the electrical neutrality, opposite ionic species are held together closer to the 
tip/sample surface forming an electric double-layer. When mica is placed in water, 
the mechanism of the double-layer formation is attributed to the K* dissolution, as 
well as ionic exchange between K* and H307 (or H*) [59]. The existence of the 
electrical double-layer is confirmed by the force curves, as shown in Fig. 9, where 
an upward trend appears before the attractive van der Waals interaction. Toikka 
et al. [60] showed that the double layer decreases the adhesion force, and that the 
apparent adhesion force depends on the pH of the solution. The authors confirmed 
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Figure 9. Typical force curve for mica under water. The upward trend pointed in the figure is 
indicative of the double-layer effect. The zero line represents that part the force curve in which the tip 
exerts no force on the sample, i.e. when the tip and sample are far apart, and the tip does not deflect. 


the existence of this phenomenon by measuring adhesion forces in different pH 
solutions between an iron sample and silica colloidal probe. 

The interaction between electric double-layers from different surfaces may be ei- 
ther attractive or repulsive, having different magnitudes, depending on the surface- 
charge properties of the tip and sample materials, concentration of ionic con- 
stituents, ionic strength, pH, and temperature. The effects of the electric double- 
layer forces on adhesion force measurements are only now beginning to be explored 
[60], and the results presented here might provide a better understanding on soil 
mineral interactions. 

Adhesion maps obtained from force spectroscopy have shown clearly how surface 
contamination, roughness and the environmental conditions influence the adhesion 
forces. Little attention, however, is paid to the use of AFS for application in 
agricultural and colloidal science. 


4. CONCLUSIONS 


The force curves obtained on some soil mineral particles (mica and quartz) show 
clearly that the adhesion force is sensitive to both the surface roughness and the 
environmental conditions. 

The magnitude of adhesion depends on the roughness and local curvature of the 
sample surface, with a slight increase in the adhesion force in smoother regions. We 
have shown that adhesion forces estimated from several measurements taken at the 
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same place on the sample surface vary within 13% on mica and 29% on the much 
rougher quartz substrate. 

The scatter in the measured curvature radius and elastic constant of the tip 
provides an error source to the adhesion force of typically 20% and 8%, respectively. 

The adhesion maps made from hundreds of measurements at different points allow 
one to obtain information on heterogeneities in sample topography and on organic 
contamination. For example, carbon contamination on mica, possibly from human 
contact or carbon dioxide from air, affects the force curves. This was corroborated 
by the good agreement between the theoretical and experimental adhesion values 
obtained in both air and water. With the adhesion maps for samples in air and in 
water, a distinction can be made between capillary and van der Waals components 
of the adhesion force. 
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Abstract—Scanning probe microscopy techniques of lateral force microscopy, pull-off force mea- 
surement, and pulsed force mode adhesion imaging were employed to study the micro-scale surface 
chemistry of cellulose films hydrophobized by treatment with alkenyl succinic anhydride (ASA). Lat- 
eral force microscopy showed a monotonic decrease in surface frictional dissipation with increasing 
sizing level. The distributions of pull-off forces measured over a (1 zm)* area showed a wide range of 
local adhesion values on all samples, yet disappearance of the highest adhesion sites with increasing 
level of sizing agent. The pulsed force mode results showed high-resolution adhesion images of cel- 
lulose that complemented the pull-off force distribution results. These results indicate that scanning 
probe microscopy techniques are able to detect the wettability heterogeneity of ASA-sized cellulose 
with nanometer resolution. 


Keywords: Atomic force microscopy (AFM); hydrophobically modified cellulose; alkenyl succinic 
anhydride (ASA); sizing; wettability; adhesion. 


1, INTRODUCTION 


Fine printing technologies such as offset printing involve the transfer of small ink 
dots, of the order of 10-50 jm in diameter, to a paper surface. Internal sizing 
agents, added to paper to impart resistance to liquid penetration, have a tremendous 
impact on the paper printability. While the surface topography of paper can be 
measured on the 10-50 zm length scale, surface chemistry is measured by methods 
(such as the contact angle or penetration tests) which sample an area 10-100 times 
larger. In order to understand the relevance of micro-scale surface chemistry of 
a sheet to its final print quality, the measurement must be done on the micro- 
scale. Scanning probe microscopy (SPM) techniques are unique in their ability 
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to measure topography, adhesion, friction, and other material properties of surfaces 
under ambient conditions on this length scale. 

Scanning probe microscopes are a family of instruments for surface analysis that 
measure the force of interaction between a probe tip and a surface of interest, 
creating an areal map of surface properties from the atomic to micrometer level. 
Their advantages include the ability to ‘image’ surfaces in 3D, flexibility of the 
operating environment (ambient, liquid, vacuum), and the unprecedented ability to 
profile forces with pico-Newton resolution in a spatially resolved way. The atomic 
force microscope (AFM), invented in 1986 by Binnig, Quate, and Gerber, measures 
the forces experienced by the probe tip via the deflection of the flexible cantilever to 
which it is mounted [1]. The AFM provides unprecedented surface profilometry 
capability and measurement of nano-scale surface properties not measurable by 
any other technique. These capabilities make it an ideal tool for exploring the 
surface chemistry heterogeneity and micro-scale wettability of sized cellulose under 
ambient conditions. 


1.1. Internal sizing — impact on wettability 


By means of physical or chemical interactions between their hydrophilic ends and 
the hydrophilic paper fiber surfaces, amphipathic sizing agents impart hydropho- 
bicity by orienting their lipophilic tails away from the paper fiber surface, creating 
a low-energy surface which slows down wicking [2]. Synthetic ‘reactive’ sizing 
agents such as alkyl ketene dimer (AKD) or alkenyl succinic anhydride (ASA) 
chemisorb to the paper surface, forming stable chemical bonds. A homogeneous 
distribution of the sizing agent throughout the body of the sheet is imperative for 
consistency, but inter-fiber hydrogen bonding cannot be disrupted. For this reason, 
the sizing chemical used must have an appropriate balance between hydrophilic and 
lipophilic characters, and the sizing coverage should be uniformly distributed over 
the cellulose paper fiber surfaces. Despite the intuitiveness of these heuristics, the 
coverage and uniformity of these materials and the mechanism by which they alter 
wettability are generally not known. 

It is widely known that ASA serves to hydrophobize the otherwise very hy- 
drophilic cellulose surface of paper. The paper’s wettability — the tendency of a 
high surface tension liquid (such as water) to spread along the solid surface — is 
drastically altered by small adsorbed amounts of sizing agent. Recently, the wetta- 
bility of highly sized pulp has been studied by dynamic contact angle measurements 
on single fibers [3]. The results indicated a direct correlation between sizing level 
and contact angle hysteresis (difference between the advancing and receding con- 
tact angles). In fact, cellulose filaments and unsized pulp fibers exhibit contact angle 
hysteresis even without the presence of a sizing agent [3-5]. Non-zero contact an- 
gle hysteresis constitutes a significant deviation from thermodynamic equilibrium 
and suggests surface chemical heterogeneity (generally, the advancing angle sam- 
ples low-energy surface sites and the receding angle samples high-energy sites [6]). 
Although traditional wettability measurement techniques show extreme sensitivity 
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to low levels of adsorbed species at surfaces, they cannot elucidate the spatial dis- 
tribution of these materials. 


1.2. Scanning probe microscopy (SPM) studies of paper 


Atomic force microscopy (AFM) has been employed in the study of pulp, paper, and 
wood products, though primarily as a tool for high-resolution profilometry [7, 8]. 
The regular, crystalline structure of cellulose microfibrils isolated from algae was 
imaged by AFM by Baker et al. [9]. The surface and cross-sections of black spruce 
wood fibers [10] and Kraft pulp fibers [11] were imaged in contact-mode AFM in 
both air and liquid. Bassemir et al. highlighted the utility of SPM techniques in 
investigating the roughness and morphological features of surfaces affecting print 
quality for graphic artists [12]. These studies have dealt with heterogeneity of paper 
surfaces that can be visualized by topographic mapping, not heterogeneity that is 
merely chemical in nature. 

An attempt to study the molecular orientation and surface coverage of alkyl ketene 
dimer on eucalyptus fibers with SPM techniques was made by Kuys et al. [13]. Pur- 
suing XPS and contact angle hysteresis data proposing a heterogeneous distribution 
of AKD on fiber surfaces, Kuys et al. sought to locate the expected hydrophobic 
and hydrophilic regions via lateral force microscopy (LFM) imaging and pull-off 
force measurements. Topography overshadowed any frictional differences in their 
lateral force results. A few pull-off force measurements were taken indicating some 
degree of surface energy heterogeneity, but no spatially resolved information about 
surface energy or hydrophilicity was obtained. Kuys et ai. felt that there was con- 
siderable scope to continue the work with a model substrate (such as a cellulose 
film) to remove the topographic effects confounding the lateral force results. 

Irvine et al. measured the adhesion energy distributions of sized and unsized 
papers via pull-off force measurements of local adhesion [14]. The force required to 
remove a 19 zm polystyrene sphere (mounted onto the end of a cantilever) from the 
surface of paper sized with ASA between 0 and 5 lb/ton (0.515 g/kg) was recorded 
as a function of the position at 25 locations over a (100 jzm)* area. The results 
showed a wide distribution of local adhesion energies on all samples, but an increase 
in the preponderance of low local energies and a progressive elimination of the 
highest-energy sites with increasing sizing levels were observed. These promising 
results spurred the desire to obtain local adhesion data with an even greater lateral 
resolution and to verify that the measured adhesion was indeed chemical in nature 
and not dominated by surface topography. 


1.3. Lateral force microscopy (LFM) 


In LEM, a quad-cell position-sensitive photodetector monitors both the vertical 
and the torsional displacements of the cantilever as it is rastered back and forth 
across the surface, allowing simultaneous collection of topography and lateral force 
information [15]. The torsion, or twisting, of the cantilever arises from the lateral 
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Figure 1. Diagram of the lateral force and topography signals for a cantilever tip interacting with a 
surface in the forward and reverse scan directions. On the left (top), a low-friction region is surrounded 
by a high friction material. On the right, a topographic feature impacts the lateral force signal. 


forces experienced by the tip—sample contact during imaging and is influenced 
by surface friction, lubricity, adhesion, and capillary forces. The cantilever tip 
experiences lateral forces as it traverses changing slopes and edges in surface 
topography, so there is always a topographic element to LFM image contrast. 

Whereas vertical deflection of the cantilever due to topography is the same 
irrespective of scan direction, the lateral force signal (torsional deflection) has 
the opposite sign in the forward and reverse scan directions (see Fig. 1 for an 
illustration). By subtracting the forward and reverse lateral force traces, a ‘lateral 
force hysteresis’ image is generated in which topographically induced signals 
are (roughly) cancelled out. As the magnitude of the lateral force hysteresis is 
proportional to the energy dissipation of the tip—surface contact, one would expect 
greater lateral force hysteresis on hydrophilic surfaces than hydrophobic ones, due 
to capillary forces exerted on the tip [16, 17]. 
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1.4, Pull-off force adhesion measurements 


One of the great advantages of the atomic force microscope (AFM) is its ability to 
profile forces of interaction over very small areas. The cantilever tip can be used as 
a nanometer-scale adhesion tester by measuring the force required to remove it from 
intimate contact with a surface of interest. The Johnson—Kendall—Roberts (JKR) 
theory, developed from elastic contact theory, relates the pull-off force required to 
separate two bodies to the thermodynamic work of adhesion between them [18]. 
The pull-off force is thus proportional to local adhesion energy. 

For pull-off measurements performed in air, the capillary forces exerted by 
adsorbed water complicate the interpretation of the pull-off force in terms of true 
surface energetics. When chemical heterogeneity influences the hydrophilicity of 
surfaces, adsorption of water on the surface will be affected and will alter the 
capillary force experienced by the AFM tip. We seek to exploit this feature of 
hydrophobically modified surfaces to monitor the micro-scale wettability of sized 
cellulose films. At present, pull-off forces must be measured at discrete points 
along the surface; therefore, adhesion information is obtained more slowly and with 
poorer spatial resolution than images of topography, etc. taken in standard SPM 
modes. 


1.5, Pulsed force mode 


The need for the simultaneous acquisition of topography, adhesion, and compliance 
information was addressed by the development of ‘pulsed force mode’ (PFM) by 
Dr. Othmar Marti’s group in the Department of Experimental Physics, University of 
Ulm, Germany.! They developed an external controller and circuitry that could be 
added to a commercial AFM to perform these measurements simultaneously [19]. 
The cantilever is sinusoidally modulated at amplitudes from 10 to 500 nm and 
frequencies of 100 Hz to 5 kHz — well below the resonance frequency of 
commercial cantilevers. In the first cycle, the height of the surface is recorded. The 
cantilever then completes a force—distance profile by pressing the tip into contact 
with the sample and then reversing directions, causing a pull-off event. A ‘peak 
picker’ circuit allows the capture of the snap-in force, stiffness, maximum force 
(held constant at each point of measurement), and pull-off force at each point that 
the topography is known. In this way, only the pertinent information from the pull- 
off trace is stored, greatly increasing the acquisition rate and the number of samples 
that can be measured. A schematic diagram of the PFM’s modulated force-time 
(displacement) profile is shown in comparison with a standard pull-off force trace 
in Fig. 2. Because the tip is only in contact with the surface intermittently, the lateral 
resolution exceeds that of contact mode imaging. 

In the present work, SPM techniques are employed to investigate the spatial 
wettability characteristics of a model cellulose film hydrophobized by treatment 


1The PEM module is now available commercially from WITec GmbH, Ulm, Germany. 
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Figure 2. Comparison of (a) a standard force—displacement (z) profile and (b) a pulsed force mode 
dynamic force-time profile, in which the displacement is varied over one cycle. Highlighted features 
of the curves correspond to (1) snap-in, (2) compliance or stiffness, (3) maximum applied force, 
(4) adhesion, and (5) zero net force baseline (where the tip and sample are out of contact). 


with alkenyl succinic anhydride (ASA). The local variations in surface chemistry 
manifest themselves in surface friction and adhesion heterogeneity along the 
cellulose surfaces, so techniques specific to the monitoring of these properties 
are employed. LFM, pull-off force adhesion measurements, and PFM studies are 
carried out and the results compared with water contact angles measured on the 
same surfaces. By these measurements, we seek to understand the influence of 
ASA on the micro-scale chemistry of cellulose surfaces under ambient conditions. 


2. MATERIALS AND METHODS 


Regenerated cellulose films were prepared by deacetylation of cellulose acetate dip- 
cast films according to the procedure of Yu and Garnier (described elsewhere) [20]. 
To create uniform films, microscope slides that had been cleaned in an ethanolic 
potassium hydroxide solution were dipped into and removed from a 5% cellulose 
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acetate in acetone solution at a controlled rate of 40 mm/min by the dipping head 
of a Joyce-Loeb] Langmuir Trough 4 unit. After 3 min of air drying, the films were 
immersed in a capped jar containing 0.5% sodium methoxide in methanol solution 
from Sigma (St. Louis, MO, USA) for 24 h. The films were rinsed with an excess 
of triply distilled water, then with methanol, and allowed to air-dry. 

A prototype alkenyl succinic anhydride (ASA) wax from Nalco Chemical Co. 
(Naperville, IL, USA), used as received, was dissolved in toluene. Sizing solutions 
used in this work ranged from 0.4 to 10-*% by weight. The cellulose films 
were dipped in and out of the sizing solutions with the Joyce-Loebl instrument at 
40 mm/min, cured for 15 min in a 60°C oven, and then subjected to 24 h of Soxhlet 
extraction with toluene to remove any unreacted or hydrolyzed ASA. Samples were 
stored in a desiccator until use. 

Sessile drop goniometry was used to monitor the level of sizing on each film. A 
Ramé-Hart Model 100-00-115 goniometer (Mountain Lakes, NJ, USA) was used 
to record the initial (<5 s) contact angle of a 10 yl drop of water on each film. 
Five measurements were taken per sample. Care was taken to avoid portions of the 
film used for contact angle measurements for subsequent AFM studies, as the films 
irreversibly swelled upon contact with excess water. 

The samples were attached to magnetic steel discs using double-sided tape. These 
discs were mounted directly onto the end of the piezoelectric scanner (5 wm or 
100 wm maximum x/y range) of a Park Scientific Instruments’ AutoProbe CP 
(Sunnyvale, CA, USA). Lateral force microscopy (LFM) images (256 x 256 pixels) 
and force—distance profiles were taken using the AFM/LFM head. Low spring 
constant (k = 0.02 N/m), sharp-tipped (tip radius, R ~ 20 nm) silicon nitride 
cantilevers of rectangular cross-section were used for the lateral force imaging. Low 
set point forces (0.5—2.0 nN) and moderate scan rates (0.5-1 Hz) were used for 
the lateral force imaging to prevent damage to the soft cellulosic surfaces. Lateral 
force hysteresis images were computed by subtracting the reverse and forward LFM 
images point-by-point using Fortner Research’s Transform 3.3 software (Sterling, 
VA, USA). Force—distance profiles were measured using moderately stiff silicon 
cantilevers with unmodified, sharp tips (k = 3.2 N/m, R ~ 10 nm), as they 
provided the best pull-off force resolution. 

PFM imaging data were kindly provided by Dr. Sabine Hild at the University 
of Ulm, Germany. A sized cellulose film (water contact angle ~94°) and an 
unsized control (water contact angle ~33°) were prepared as above and sent to 
Dr. Hild. Images, 400 x 400 pixels in size, were collected with a Topometrix 
Explorer equipped with a PFM module (controller and circuitry developed in their 
laboratory). Using a silicon nitride cantilever (k = 0.05 N/m) modulated at 10 nm 
amplitude and 100 Hz, topography and adhesion images of a surface were obtained 
simultaneously. A threshold value of —2 V was applied to the adhesion images 
(i.e. all values between —2 and —10 V appear black) in order to highlight the 
lowest energy (0 to —2 V) sites. The compliance signal was not recorded for these 
measurements. 
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3. RESULTS AND DISCUSSION 
3.1. Lateral force microscopy 


Lateral force hysteresis and topography images are shown for unsized (water contact 
angle 31°) and intermediately sized (water contact angle 65°) cellulose films in 
Fig. 3. The (50 jzm)? contact-mode topography images shown here are typical 
for these films. The films are relatively smooth and featureless with a root mean 
square (RMS) surface roughness of approximately 15 nm. A few asperities are 
visible on the surface, attributable to salt precipitates from the de-acetylation step. 
The surface energy heterogeneity suggested by dynamic contact angle studies on 
sized and unsized fibers [3] could manifest as high and low friction ‘patches’ on the 
surface. However, the absence of identifiable high and low friction regions in these 


Figure 3. Topography and lateral force hysteresis images for sized and unsized cellulose films. Sized: 
(a) topography; (b) adhesion. Unsized: (c) topography; (d) adhesion. Image size: (50 zm)*; set point 
load: 0.5 nN; scan rate: 1 Hz. 
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images suggests that such domains are smaller than the resolution limit of the tip 
when imaging in the contact mode. 

A typical friction loop taken over a single scan line for an unsized and a highly 
sized cellulose film is shown in Fig. 4. The magnitude of separation between the 
forward and reverse scan directions is much greater for the unsized sample than 
for the sized one, indicating greater energy dissipation and surface friction. The 
roughness of the individual scan lines indicates stick-slip behavior, due to the 
formation and rupture of contacts between the tip and sample during sliding. Due to 
the ubiquitous nature of adsorbed water when imaging in air, the distinct difference 
in absolute friction is primarily indicative of surface hydrophobicity differences, 
altering the capillary force experienced by the tip while imaging. 

The average and standard deviations from (5 zm)? whole lateral force hysteresis 
images of unsized, intermediately sized, and highly sized cellulose samples are plot- 
ted with equilibrium water contact angle data in Fig. 5. The data show a monotonic 
decrease in average surface dissipation with increased surface hydrophobicity. 
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Figure 4. Lateral force traces in the forward (top) and reverse (bottom) scan directions for (a) unsized 
(water contact angle 33°) and (b) sized cellulose (water contact angle 96°). Scan size: 50 jm; set point 
load: 2 nN; scan rate: 0.8 Hz. 
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Figure 5. Mean lateral force hysteresis for whole images (bars, left axis) and corresponding mean 
equilibrium water contact angles (triangles, right axis) of unsized and sized cellulose. Image size: 
(5 zm)"; set point load: 0.5 nN. (Error bars represent + one standard deviation.) 


3.2. Pull-off force adhesion measurements 


Pull-off forces measured at 48 equally spaced locations over a (1 yum)* area of 
unsized and sized cellulose surfaces are presented as discretized histograms in 
Fig. 6. The equilibrium contact angle of water with each sample is noted for each 
graph in the figure legend. A wide distribution of pull-off force magnitudes was 
measured on each sample, suggesting a range of local surface energies. It may 
be speculated that these differences are related to differences in the strength of the 
capillary forces: much higher on an unsized, hydrophilic cellulose surface than 
on an ASA-treated, hydrophobic surface. It is interesting to note the progressive 
elimination of the highest local pull-off forces with increasing hydrophobicity. 
These results are in agreement with the findings of Irvine et al., who observed the 
same trends in pull-off force measurements between a 19 um polystyrene sphere 
and ASA-sized paper measured over a (100 jum)* area [14]. The observed size 
scale of the heterogeneity in the local adhesion force suggested that the surface 
energy heterogeneity of sized and unsized cellulose films was of the order of 10 nm. 

The roughness on a surface of interest or probe tip leads to uncertainty in knowl- 
edge of the adhesion contact area between them and complicates the interpretation 
of measured pull-off forces. The (1 zm)? area on each film measured here was 
verified to be smooth by measurement of the topography in the contact mode done 
after the adhesion measurements. Topographic roughness is not expected to exert a 
significant impact on these adhesion measurements. Therefore, these pull-off force 
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Figure 6. Frequency distributions of the pull-off forces measured with a sharp-tip silicon cantilever 
(k = 3.2 N/m, R = 10 nm). Forty-eight equally spaced measurements taken over (1 jm)? area. 
Samples sized with (a) 0%, (b) 0.004%, (c) 0.038%, and (d) 0.424% ASA in toluene by weight. The 
water contact angles determined independently for the four cases were (a) 33°, (b) 40°, (c) 65°, and 
(d) 95°. 


measurements on sized and unsized cellulose films are indicative of heterogeneity 
in surface chemistry and wettability rather than gross topography. 


3.3. Pulsed force mode (PFM) 


Simultaneously collected topography and adhesion images obtained by PFM are 
shown for sized and unsized cellulose films in Fig. 7. Adhesion is measured in 
V (arbitrary units proportional to nN), with dark representing high pull-off force 
values and light representing low pull-off force values. There is a distribution of 
adhesion values seen in both the sized and the unsized images, but the sized (more 
hydrophobic) sample has a higher number of low pull-off force sites than the unsized 
(more hydrophilic) sample, supporting previous pull-off force results. Unlike the 
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Figure 7. Pulsed force mode results. Topography and adhesion images taken simultaneously on 
unsized and sized cellulose films. Sized: (a) topography; (b) adhesion. Unsized: (c) topography; 
(d) adhesion. Image size: (2 pm). 


lateral force hysteresis images, features in the adhesion images do not appear to 
be related to surface topographic features. The low adhesion domains shown here 
appear to be of the order of 20-85 nm in size. Since these images were obtained 
under identical conditions on samples whose only differences were in sizing level, 
the local adhesion values are truly indicative of wettability changes and chemical 
heterogeneity. The distribution of ASA on the surface of the cellulose serves to 
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Figure 7. (Continued). 


mask high-energy sites, creating a greater number of low-energy sites marked by 
low pull-off adhesion values. 


4, CONCLUSIONS 


Scanning probe microscopy techniques have been shown to be successful in 
highlighting adhesion differences due to ASA on the surface of cellulose. Sessile 
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drop contact angle measurements verified that low levels of ASA vastly altered 
the wettability of cellulose. Domains of high and low surface energies created 
by partial surface coverage by ASA were not spatially discernible by lateral force 
microscopy; however, dissipative differences between sized and unsized surfaces 
were highlighted by the torsional hysteresis of a scanning tip over the surfaces. 
Pull-off force measurements verified that the highest energy sites on cellulose were 
progressively eliminated as the sizing level was increased. The PFM results, where 
topography and adhesion are measured simultaneously, showed a greater number of 
low-energy sites on sized cellulose than on unsized samples. These results indicate 
that SPM techniques are able to spatially map the surface heterogeneity of ASA- 
sized cellulose with nanometer resolution. 
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Abstract—This paper reports the characterization of unaged and aged melamine fibers using 
various characterization techniques including atomic force microscopy (AFM), X-ray photoelectron 
spectroscopy (XPS), X-ray diffraction (XRD), scanning electron microscopy (SEM) and thermal 
analysis. Since melamine fiber is a relatively new fiber, very few studies on its characterization have 
been made. Morphological studies of the fiber surface using SEM display die lines running along the 
filament surface, which are characteristics of synthetic fibers and generally occur during spinning of 
the molten prepolymer through the spinnerets. AFM studies show that the surface of a melamine fiber 
filament contains a large number of hills and valleys, which are triangular in shape. AFM roughness 
analysis shows that melamine fiber surface is considerably rough which may aid in adhesion of the 
fiber with polymeric matrices. Ageing causes an increase in the surface roughness with simultaneous 
increase in the crystallinity of the fiber from 19.4% to 22.6%. In XPS studies, high concentrations of 
carbonyl and hydroxyl groups on the filament surface have been detected. Ageing causes a reduction 
in the hydroxyl group concentration and an increase in the carbonyl group concentration due to surface 
oxidation. The reduction in the surface hydroxyl groups due to ageing has also been detected in the 
Fourier-Transform infrared (FT-IR) spectra of the aged fibers. Thermogravimetric (TG) studies reveal 
a high thermal stability of the melamine fiber even in an oxidative environment such as air. 


Keywords: Melamine fiber; ageing; morphology; atomic force microscopy; crystallinity; X-ray 
diffraction; X-ray photoelectron spectroscopy; thermal stability. 
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1. INTRODUCTION 


High performance fibers require specific properties. They usually have very high 
levels of at least one of the following properties; tensile strength, limiting oxygen 
index and chemical resistance. Melamine fiber is one of the latest high performance 
fibers [1]. This fiber is manufactured by BASF Corporation under the trade 
name Basofil. The Basofil offers high operating temperature and high limiting 
oxygen index and is typically used in high temperature applications such as in 
protective clothing and safety gloves. Because of its variable denier and staple 
length, low tensile strength and the difficulty in processing, melamine fibers are 
generally blended with other fibers such as aramid. Recently Rajeev et al. [2] 
have successfully incorporated melamine fibers in EPDM rubber matrix and have 
developed short fiber—rubber composites. 

Since melamine fibers are relatively new, only a few reports are available 
regarding the characterization of these fibers. An understanding of the surface 
and the bulk properties of these fibers will help in the selection of a suitable 
matrix for the preparation of polymer-fiber composites based on melamine fiber. 
Information on the characterization of these fibers will also aid in adopting suitable 
techniques for modification of the fiber surface, which can improve the adhesion 
between the fiber and the matrix. Hopen [3] has reported the characterization 
of the melamine fiber using optical microscopy and FT-IR spectroscopy. The 
characterization of the microstructure of polymer fibers provides an insight into 
structure-property relationship of the fiber. Microscopy techniques are employed 
for the characterization of polymeric fibers to study features such as fiber shape, 
diameter, crystal size, voids and molecular orientation [4]. In order to understand 
the relation between the structure and properties of any polymeric material including 
fibers, their morphology should be clearly understood [5]. X-ray diffraction, optical 
microscopy, transmission electron microscopy and a range of other analytical tools 
are commonly employed to determine the structure of polymeric fibers. Lately, the 
AFM has become a widely accepted technique to study the surface morphology of 
fibers [6] and fiber-reinforced composites. Rajeev and coworkers [7] have employed 
tapping mode atomic force microscopy to detect the formation of an interphase 
between the fiber and the matrix in short melamine fiber reinforced EPDM rubber 
containing a dry bonding system. Microstructures of fibers based on polyethylene 
[8], polypropylene [9-12], polyimides [13] and aramids [14, 15] as well as carbon 
and graphite fibers [16, 17] have been investigated using AFM. Vanswijgenhoven 
et al. [18] have made a comparative study of the surface roughness of silicon 
carbide fibers using AFM and found that roughness amplitudes of different fiber 
grades exhibited considerable scatter. Techniques like X-ray diffraction (XRD), 
infra-red (IR) spectroscopy, electron spectroscopy for chemical analysis (ESCA or 
XPS), nuclear magnetic resonance (NMR) spectroscopy and thermal analysis in 
combination with microscopy techniques are useful in understanding the structure- 
property relationships of fibers. XPS is a very useful technique for detecting 
chemical structure changes on a fiber surface resulting from different surface 
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treatments [19-22]. Walterson [23] has studied the chemical composition of a 
carbon fiber surface using XPS and detected elements such as calcium, chlorine 
and silicone on the fiber surface along with carbon, nitrogen and oxygen. Recently, 
the degradation of melamine formaldehyde resin during XPS analysis has been 
investigated by Coullerez et al. [24]. Sellitti et al. [25] have characterized 
surfaces of carbon fibers by attenuated total reflection Fourier transform infra- 
red spectroscopy. In order to study the surface characteristics of carbon fibers, 
Ishitani et al. [26] have employed Raman spectroscopy. This paper reports the 
characterization of melamine fiber using various analytical techniques including 
microscopy, spectroscopy and thermal analysis. It also reports the morphological 
and chemical changes that take place on the melamine fiber when it is aged in a 
circulating air oven for a prolonged period. 


2. EXPERIMENTAL 
2.1. Details of materials used 


The melamine fiber used in the present study was supplied by BASF Corporation, 
Enka, NC, USA. The properties of the fiber are given in Table 1 [1]. Ageing of the 
fiber was done in a circulating air oven at 150°C for 7 days. 


2.2. Scanning electron microscopy (SEM) studies 


SEM photomicrographs of the unaged and aged fiber filaments were taken using 
JEOL JSM 5800 scanning electron microscope. The filaments were sputter coated 
with gold prior to the analysis. 


Table 1. 
Properties of melamine fiber [1] 


Linear density (denier) 2.2 
Tenacity (g/denier) 2.0 
Elongation at break (%) 18.0 
Tensile strength (MPa) 207 
Tensile modulus (GPa) 6.9 
Staple length (mm) 51 
Diameter (4m) 12-18 
Density (g/ml) 1.4 
Moisture regain at 23°C and 65% relative humidity (%) 5 
Limiting oxygen index (LOI) 32 
Continuous use temperature (°C) 200 
Maximum use temperature (°C) 260-370 


Hot air shrinkage — 1 h at 200°C <1% 
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2.3. Atomic force microscopy (AFM) studies 


The AFM measurements were carried out in air at ambient conditions (25°C) with a 
Dimension 3000 Atomic Force Microscope, made by Digital Instruments Inc., Santa 
Barbara, CA, USA. The experiments were carried out in the tapping mode with 
constant amplitude, using microfabricated cantilevers. The scanning was done using 
etched silicon tip, square pyramid in shape, with a base dimension of approximately 
4 wm x 4 wm. The characteristics of the probes were: spring constant (K), 
20-100 N/m; resonance frequency, 200-400 kHz; nominal tip radius of curvature, 
5-10 nm; cantilever length, 125 jm; cantilever configuration, single beam; tip half 
angle, 18° side, 25° front and 10° back. All images contained 256 data points. 
Height and phase images were recorded simultaneously in each scanning. Images 
were analyzed using Nanoscope III image processing software. In AFM roughness 
analysis, Rg (i.e. the root mean square (RMS) average of the height deviations taken 
from a mean plane in the image) and R, (i.e. the arithmetic average of the absolute 
values of the surface height deviations from the mean plane) were measured [27]. 


2.4. X-ray diffraction analysis 


The X-ray diffraction patterns of the unaged and aged melamine fiber filaments were 
recorded with a Siemens X-ray Diffractometer (D 5000) using Cu K, radiation in 
the angular range (20) of 10—50° at an operating voltage of 30 kV and current 
30 mA. In order to calculate the degree of crystallinity, the X-ray data were fitted 
using a Gaussian—Lorentzian function in the Microcal Origin software (version 5.0) 
and the areas under the crystalline and amorphous portions were determined. The 
degree of crystallinity (X,) was measured using the relation [28] 


I, 
I, + Io" 
where 7, and J, are the integrated intensities corresponding to the amorphous 
and crystalline phases, respectively. 26 values were reproducible within +0.02°. 


Crystallite size (P), interchain distance (r) and interplanar distance (d) were 
calculated using the following equations [28]: 
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where £ is the half-height width of the crystalline peak and A is the wavelength of 
the X-ray radiation. 
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2.5. X-ray photoelectron spectroscopy (XPS) studies 


The X-ray photoelectron spectroscopy (XPS) studies of the unaged and aged 
melamine fiber filaments were carried out using VG Scientific ESCALAB 220i- 
XL X-ray photoelectron spectrophotometer. The spectra were collected using 
monochromatic Al K, X-ray source of energy 1486 eV operated at 10 kV and 
120 W with an emission current of 12 mA. Survey scans were recorded from 0 
to 1200 eV. The working pressure in the instrument was 2 x 10~° Torr and the 
photoelectron take-off angle was 180° with respect to the sample surface. The XPS 
data were fitted using a Gaussian—Lorentzian function. The different functional 
groups on the fiber surface were estimated from the respective areas of assumed 
Gaussian—Lorentzian curves using the equation [24]: 


T4/Sa 
yet 1; / Si ‘ 


where n is the number of elements in the sample and C4 is the relative concentration 
of element A; J, and J; are the peak areas and S, and S; are the sensitivity 
factors which are used to normalize the intensities of the signals to give the atomic 
concentration of the elements. 


Ca = (5) 


2.6. Fourier-transform infrared (FT-IR) spectroscopy analysis 


FT-IR spectroscopy analysis was carried out using Nicolet Nexus FT-IR spectropho- 
tometer with DRIFTS (Diffuse Reflectance Infra-red Fourier Transform Spec- 
troscopy) attachment operated in the absorption mode, in the wavenumber range 
of 4000-400 cm7! by mixing the fiber with the KBr powder. The concentration of 
the samples in the KBr was held constant to 0.7% (w/w) after a series of trial runs. 
The spectra were obtained using a resolution of 4 cm™! and averaged over 40 scans. 
A background spectrum obtained with pure KBr powder was subtracted from the 
acquired spectra in all the cases. A standard software (Omnic ESP, version 5.1) was 
used for data acquisition and analysis. 


2.7. Thermal analysis 


Thermogravimetric (TG) analyses of unaged and aged fibers were carried out under 
both argon and air atmospheres with a flow rate of 50 ml/min in a Setaram Labsys 
Thermal Analyzer (Caluire, France) using 10-12 mg samples taken in ceramic 
crucibles of approximately 4 mm diameter. The samples were purged for one hour 
in argon/air at ambient temperature and then heated to 1200°C at a heating rate of 
10°C/min. The thermogravimetric and derivate thermogravimetric (DTG) curves 
were plotted using Setaram Setsoft Thermal Analysis software. 
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3. RESULTS AND DISCUSSION 
3.1. Surface topography of melamine fiber 


Figure 1a shows the SEM micrograph of the unaged melamine fiber at a magnifi- 
cation of 150. Melamine fiber available is in pulp form, which is a particular form 
of short fibers in which the filaments are of discontinuous length and narrow diam- 
eter compared to the conventional short fibers [2]. The filaments, which are in the 
entangled form, show a diameter variation from 14 4m to 20 wm. Figure 1b shows 
the SEM micrograph of the single melamine fiber filament. The filament surface 
contains striations, which are wavy in nature, running parallel to the horizontal axis 
of the filament. These striations are believed to be the die lines, which occur at the 
time of manufacturing of the filaments. These types of striation markings due to 
drawing are commonly observed on the surfaces of metallic filaments [29]. The fil- 
ament also contains pits on the surface as shown in Fig. lc. These pits are supposed 
to have occurred during the manufacturing of the fibers and may aid in better adhe- 
sion between the fiber and the matrix through mechanical interlocking. Figure 1d is 
the SEM micrograph of the end of a filament where it can be seen that the filaments 
do not have a circular crosssection. Rather, the cross section is flattened and bean 
shaped, which provides them a larger surface area, which is advantageous when 
melamine fibers are mixed with other fibers [3]. This type of crosssection may also 
cause improved adhesion with the matrix. 

The height (left) and phase (right) AFM images of a typical unaged melamine 
fiber filament are shown in Fig. 2a. The height image is in a data scale of 1000 nm 
and the phase image is taken in a phase angle of 50°. The direction of the major 
fiber axis is shown with an arrow. The surface irregularities of the melamine 
fiber filament are visible in the height image, which shows that the fiber surface 
is composed of a large number of grains in different planes as well as grooves 
lying in a direction parallel to the horizontal axis of the filament. These grooves 
may be the die lines, as observed in the SEM image (Fig. 1b). Mainly three types 
of structures are evident in the phase image; long elongated grains having typical 
dimension 420 nm x 190 nm, grains having intermediate dimension of the order 
260 nm x 150 nm and very small grains having dimension of the order 115 nm x 
75 nm. The AFM section analysis of the height image in Fig. 2a is given in Fig. 2b. 
The figure shows that the grains on the filament surface are triangular in shape and 
are not lying in the same plane. Also, these grains are not equally spaced. The 
two prominent grooves shown in the section analysis (Fig. 2b) have widths 130 nm 
and 210 nm, which correspond to the width of a typical striation given in Fig. 1b. 
Therefore, the grooves observed in the AFM height image are the die lines on the 
fiber surface. 

Figure 3a is the height image of the fiber filament at a data scale of 50 nm where 
the surface features are clearly visible as compared to the height image taken in a 
data scale of 1000 nm (Fig. 2a). The corresponding surface plot image in a data 
scale of 100 nm is given in Fig. 3b. The hills and valleys on the filament surface 
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Figure 1. SEM micrographs of: (a) unaged melamine fiber filaments at magnification 150~x; 
(b) a single melamine fiber filament at magnification 10 000x; (c) the melamine fiber surface showing 
pits on the surface and (d) the end of a melamine fiber filament. 


are evident in the surface plot image. Majority of hills are having sharp edges 
although hills with blunt edges are also visible. These observations are in line with 
the observations made in Fig. 2b. Therefore, it can be assumed that the grains found 
in the phase image of Fig. 2a are triangular in shape, formed by joining together of 
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Figure 1. (Continued). 


Table 2. 
AFM roughness analysis parameters of unaged and aged melamine fibers 


AFM roughness analysis Unaged fiber Aged fiber 
parameters (nm) (nm) 

Ry 7.25 12.61 

Ra 5.66 9.46 


different platelets. In Fig. 3b, it can be observed that all the hills are not in the same 
plane and there is a distinct height variation between different hills. 

The roughness analysis of the AFM height images of different fiber filaments 
shows that Rg, which is the root mean square (RMS) average of the height deviations 
taken from the mean plane, varies between 3.09 nm to 11.27 nm indicating that 
surface is not uniform among various filaments. The roughness analysis parameters 
of a typical unaged melamine fiber filament are given in Table 2. The surface 
roughness of melamine fiber filaments can enhance the adhesion between the fiber 
and the matrix. 

The ageing of the filaments causes changes in the surface morphology. Figure 4 is 
the phase image of the aged melamine fiber filament. It can be seen that ageing 
causes the grains on the surface to fuse together to form clusters. The surface 
roughness is increased due to ageing. On comparing the roughness analysis of 
the unaged and aged fibers, it is found that the R, value increases from 7.25 nm 
to 12.61 nm and R, increases from 5.66 nm to 9.46 nm (Table 2). The changes in 
the surface profile due to ageing are also evident on comparing the section analysis 
of the unaged and aged fiber filaments, given in Figs 2b and 5, respectively. The 
changes on the fiber surface due to ageing may be due to the surface oxidation and 
removal of adsorbed water layer from the fiber surface, as explained later. 
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Figure 2. (a) Height (left) and phase (right) AFM images of the unaged melamine fiber filament in a 
scan area of 5 zm x 5 yzm. Arrow indicates direction of major fiber axis; (b) AFM section analysis 
of the height image in Fig. 2a showing the triangular shaped grains on the fiber surface. 


3.2. Crystallinity of melamine fiber 


Figure 6 shows the X-ray diffraction spectra of unaged and aged melamine fiber. 
Melamine fiber is semi-crystalline, characterized by one sharp crystalline peak at 
an angle (6) of 14.5° and the other 5 peaks having lower intensity at the angular 
ranges (9) between 17° and 25°. The molecules are presumed to attain an ordered 
arrangement giving crystalline peaks at the time of spinning the prepolymer through 
the spinnerets [30]. The crystallite size, interchain distance and interplanar distance 
are calculated based on X-ray diffraction data with respect to the three most intense 
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Figure 3. (a) AFM height image of the unaged melamine fiber filament in a data scale of 50 nm; 
(b) AFM surface plot image of the height image in Fig. 3a in a data scale of 100 nm. 


crystalline peaks (denoted as 1, 2 and 3 in Fig. 6) for both unaged and aged 
melamine fibers and are given in Table 3. 


The crystallinity of melamine fibers may be arising from the presence of ordered 
domains in the fiber. As pointed out by Young [5], there are chances of formation of 
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Figure 4. AFM phase image of the aged melamine fiber filament in a phase angle of 60°. Arrow 
indicates direction of major fiber axis. 
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Figure 5. Section analysis of the height image of aged melamine fiber filament. 


ordered domains in amorphous and semi-crystalline polymers. These domains are 
microscopic regions in which there is a certain amount of molecular order. A sharp 
intensity in the X-ray diffraction spectra of melamine fiber reveals that there is some 
degree of localized order arising presumably at the time of spinning of the fibers. 
Therefore, melamine fiber is considered to be consisting of coexisting crystalline 
and amorphous regions where the polymer chain is perfectly ordered over distances 
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Figure 6. X-ray diffraction spectra of the unaged and aged melamine fiber filaments. 


Table 3. 
Parameters obtained from X-ray diffraction studies of unaged and aged fibers 


Peaks Peakangle Halfheight Crystallite § Interchain Interplanar Crystallinity 


CD) width (B) size (A) distance (A) distance (A) — (%) 

UA? Aa UA A UA A UA A UA A UA A 
1 145 144 0.24 0.20 382 451 3.85 3.86 3.08 3.09 
2 19.5 19.5 0.42 0.34 223 275 2.88 2.89 2.31 2.31 19.4 22.6 
3 21.4 214 0.34 0.32 279 296 2.64 2.64 211 2.12 


“UA indicates unaged fiber and A indicates aged fiber. For peak numbers, see Fig. 6. 


corresponding to the dimensions of the crystallites and at the same time polymer 
chains include disordered segments belonging to amorphous regions, as proposed 
by Herman et al. in the ‘fringed micelle’ model of partly crystalline polymers [31]. 

It can be seen from Fig. 6 that ageing causes an increase in the degree of 
crystallinity of the fibers from 19.4% to 22.6%. Ageing also produces an increase 
in the intensities of all the crystalline peaks. These changes suggest that ageing 
of melamine fiber at higher temperature for a prolonged period causes changes 
in the crystalline structure similar to that caused due to annealing of conventional 
polymeric fibers. Prolonged ageing at 150°C might have resulted in greater mobility 
of the molecules causing molecular rearrangement. There may be the possibility of 
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chain folding as well due to ageing, which may be the reason for the increased 
intensity of the crystalline peaks of the aged fibers, as suggested by Alexander [32]. 
On comparing the X-ray diffraction parameters of unaged and aged melamine fibers, 
given in Table 3, it can be seen that there is an increase in crystallite size due to 
ageing. Interchain distance and interplanar distance also increase marginally due 
to ageing, especially in the case of the sharp crystalline peak occurring at the peak 
angle (@)14.5°. Increase in the crystallite size after ageing suggests the possibility of 
chain folding, which may be the reason for the sharper peaks in the XRD spectra of 
aged fibers. Thus, it can be assumed that there is some degree of molecular ordering 
due to ageing. 


3.3. Surface composition of melamine fiber 


The wide scan XPS spectra of the unaged and aged melamine fibers are given in 
Fig. 7. It can be seen that apart from the elements carbon, nitrogen and oxygen, 
which are the constituents of melamine formaldehyde polymer, the fiber surface 
also contains an appreciable amount of sodium along with a very low concentration 
of sulfur, chlorine and phosphorous. The presence of chlorine may be due to the 
contaminants on the fiber surface. The sodium and sulfur contributions probably 
come from processing operations. The main features on the fiber surface are Cis, 
Ojs and Nis peaks. The relative percentage of carbon, nitrogen and oxygen on the 
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Figure 7. Wide scan XPS spectra of unaged and aged melamine fiber filaments. 
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Table 4. 
XPS surface composition of unaged and aged melamine fibers 


Core level Unaged fiber Aged fiber 
and -_ 
deconvoluted Binding %contribution Relative Binding %contribution Relative 
spectra energy ofdeconvoluted percentage energy ofdeconvoluted percentage 
(eV) peaks ofelements (eV) peaks of elements 
Cis 
Ci 288.7 3.6 288.8 10.6 
C2 287.2 14.0 75.2 287.4 29.6 61.0 
C3 285.6 59.3 286.1 25.0 
C4 284.8 23.1 284.7 34.8 
Ois 
O; 533.8 40.4 534.5 18.4 
O2 532.1 50.9 4.7 532.9 38.8 27.1 
O03 530.7 8.7 531.4 42.8 
Nis 
Ni 399.9 46.7 20.1 400.0 34.6 11.9 
N2 398.9 53.3 398.6 65.4 


fiber surface and the percentage contribution of deconvoluted peaks of each of the 
above elements are given in Table 4. 

The Cis peak of the unaged melamine fiber is resolved into four peaks and are 
designated as C;, C2, C3 and Cy (Fig. 8a). These four different carbon atoms have 
binding energies 288.7, 287.2, 285.6 and 284.8 eV, respectively. The carbon atom 
having the highest binding energy among the four carbon atoms (C)) is assigned 
to the one attached to oxygen atom as C=O [33, 34]. These carbonyl groups are 
supposed to be formed by surface oxidation, which might have taken place during 
the manufacturing and processing of melamine fiber. As pointed out by Clark et al. 
[34], almost all commercially prepared polymer samples exhibit varying degrees of 
surface oxidation, which is not detected by other techniques. C2, with the binding 
energy of 287.2 represents carbon atoms which are present in the ring structure of 
melamine fiber [33], i.e. carbon atoms attached to two neighboring nitrogen atoms, 
as given in Scheme 1. 

The deconvoluted peak C3 with binding energy 285.6 eV has the largest relative 
concentration among the four types of carbon atoms on the surface, as shown in 
Table 4. The low binding energy of this carbon atom suggests that this carbon 
atom is attached to a hydroxyl group [35]. The presence of these hydroxyl groups 
can be attributed to two factors: melamine fiber surface contains a large number of 
methylol groups, which are formed during the manufacturing of these fibers. The 
first step in the preparation of melamine fiber is the reaction between melamine 
and formaldehyde in an aqueous solution to form methylol compounds as shown in 
Scheme 2, the step being called hydroxymethylation. 
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Figure 8. Deconvoluted XPS spectra of unaged melamine fiber: (a) Cis; (b) Oys and (c) Nis. See 
text for peak identification. 


The reaction yields methylol melamine containing up to 6 methylol groups, which 
is shown in Scheme 3. 

Therefore, it is likely that a large number of methylol groups are present on the 
fiber surface, which do not participate in the crosslinking reaction and contribute to 
deconvoluted peak C3. The presence of a large number of hydroxyl groups on the 
fiber surface may also be assigned to the adsorbed water molecules present on the 
fiber surface because of the hygroscopic nature of the fiber filaments. 

The deconvoluted peak C4 has the lowest binding energy typical of the carbon 
atom in a simple hydrocarbon chain as in polyethylene. It can be attributed to the 
carbon atoms in the CH) groups, which are formed during the condensation reaction 
between melamine and formaldehyde. 
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The oxygen spectrum is resolved into three peaks, which are shown in Fig. 8b. 
The three deconvoluted peaks are designated as O; (binding energy 533.8 eV), O2 
(binding energy 532.1 eV) and O3 (binding energy 530.7 eV). The deconvoluted 
peak O, is due to the presence of water layer on the fiber surface [36]. The presence 
of the peak O2, which has the highest relative concentration among the three oxygen 
atoms present, can be attributed to the oxygen atoms in the methylol groups [37] on 
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the fiber surface as explained before. Deconvoluted peak O3 is due to the presence 
of carbonyl] groups on the fiber surface [38]. 

The results of the deconvolution of the nitrogen spectrum, given in Fig. 8c, show 
that there are two different types of nitrogen atoms on the melamine fiber surface. 
The chemical structure of melamine formaldehyde also suggests that there are two 
different types of nitrogen atoms in the polymer; one in the ring structure and 
the other in the out-of-ring segment that holds the methylol groups or crosslinks. 
N; (binding energy, 399.9 eV) is due to the nitrogen atoms which are attached to 
the electron withdrawing —CH,—O- group, and the other deconvoluted peak N> 
(binding energy 398.9 eV) is due to the nitrogen atoms which are present in the ring 
structure [39]. 

On comparing the relative concentrations of elements on the fiber surface before 
and after ageing (given in Table 4 and in Fig. 7), it can be seen that after ageing 
the relative concentration of nitrogen is reduced from 20% to 12% whereas that 
of oxygen is increased from 4.7% to 27.1%. The percentage contribution of the 
deconvoluted peak O, of the aged fiber, which is assumed to be due to the presence 
of adsorbed water layer on the fiber surface, is reduced from 40.4% to 18.4% after 
ageing due to reduced hydrophilicity. Thus it can be assumed that ageing causes 
less moisture uptake by the fiber filaments. 

Ageing causes a substantial reduction in the methylol component on the fiber 
surface as evident from the reduced percentage contribution of the peak O2 from 
50.9% to 38.8%. This is possibly due to the fact that prolonged ageing causes 
conversion of some of the unreacted methylol groups to crosslinks and also chain 
extension. At the same time, additional carbonyl groups might have been formed 
due to further surface oxidation. This is evident from the increase in the percentage 
contribution of the deconvoluted peak O3 from 8.7% to 42.8%. The reduction 
in the methylol group concentration causes reduced hydrophilicity, thus reducing 
the percentage contribution of the peak O, from 40.4% before ageing to 18.4% 
after ageing. The changes in the relative concentration of different carbon atoms 
due to ageing support the above observation. Percentage concentration of C,, 
which is the carbon atom in the carbonyl group, increases from 3.6% to 10.6% 
supporting the observation that more carbonyl groups are generated due to ageing. 
However, ageing does not cause significant shift of binding energies for the peaks 
corresponding to carbonyl group. Majumder and Bhowmick [40] have observed 
shifts in the binding energies of the peaks corresponding to carbonyl groups only 
under severe conditions in the case of electron beam modified EPDM rubber 
surface. 

The decrease in the surface hydroxyl groups due to ageing is also evident from 
the FT-IR spectra of the unaged and aged fibers, shown in Fig. 9. Due to prolonged 
ageing, the intensities of the peaks in the region 3550-3220 cm7! due to -OH 
stretching vibrations and at 1375 cm! due to —OH bending vibration are reduced. 
The carbonyl groups on the fiber surface are not clearly visible in the FT-IR spectra 
of both unaged and aged fibers. This is because the intensity of the peak in the 
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Figure 9. FT-IR spectra of the unaged and aged melamine fibers. 


region 1630-1640 cm™! is masked by the intense absorption of the C—N linkage 
of the triazine ring. 


3.4, Thermal stability of melamine fiber 


Figure 10 shows the TG-DTG curves of unaged melamine fiber in argon and air 
and also the TG-DTG curve of the aged fiber in argon atmosphere. The degradation 
of melamine fiber both in argon as well as in air involves two major degradation 
steps apart from the small degradation steps, which are occurring at the early stages 
of degradation. These small degradation steps are mainly due to the release of 
H,0 and CH3OH as detected by Devallencourt et al. [41], using FT-IR coupled 
with TG. The first major degradation step starts after 350°C, which is the fastest 
and the second step starts after 390°C. Table 5 lists the parameters Ty (the onset 
of degradation temperature), Tg, (the maximum degradation temperature) and 
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Figure 10. Dynamic TG-DTG curves of unaged and aged melamine fibers. 


(dw /dt)m (the maximum rate of decomposition) for the first major degradation step. 
The table also contains the char yield at three different temperatures. From Fig. 10 
and also from Table 5, on the basis of higher Tg and Tam, it can be seen that the 
thermal stability of melamine fiber is slightly higher in an inert atmosphere like 
argon than in an oxidative atmosphere like air. This is because in air oxygen plays 
the role of a catalyst in accelerating the thermal degradation. The TG curves of the 
fibers, both in argon as well as in air, indicate that the degradation takes place in 
multiple steps. At the first major degradation temperature, there is a considerable 
weight loss and the DTG curve shows narrow and sharp peaks. This indicates that 
considerable molecular breakdown due to chain scission has taken place at the first 
major degradation step. Devallencourt et al. [41] identified the major degradation 
products of melamine formaldehyde resin using TG-DTG coupled with FT-IR. It 
can also be noted from the figure that degradation environment plays a significant 
role in the last degradation step. In air, degradation attains a plateau after 700°C; 
whereas in argon, degradation continues up to the end of the cycle. Char yield at 
both 800°C and 1200°C is higher in argon than that in air as shown in Table 5. The 
lower char yield in air may be attributed to the pyrolysis and combustion of the 
residual materials in the air and the formation of volatile char products due to the 
oxidation of char residues after the thermal decomposition [42]. 


Weight (%) 
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Table 5. 

Thermal degradation data of melamine fiber 

Sample Atmos- Tq? Tam? (dw /dt)m° Char yield Charyield Char yield 
phere CC) (@C) (%min=!)  (wt%) (wt%) (wt%) 

400°C 800°C 1200°C 

Fiber-unaged Argon 376 379 48.3 62.5 24.6 11.6 

Fiber-unaged Air 362 367 47.5 65.8 75 75 

Fiber-aged Argon 374 379 48.3 63.8 26.7 19.2 


“Onset of degradation temperature. 
> Maximum degradation temperature. 
“Maximum rate of decomposition. 


Table 6. 
Decomposition temperature at various percentage weight losses 


Sample Atmos- Decomposition temperature (°C) at various percentage weight loss 
phere 
10 20 30 40 50 60 70 80 
Fiber-unaged Argon 346 376 382 439 512 603 721 885 
Fiber-unaged Air 312 361 364 458 515 563 600 639 
Fiber-aged Argon 364 374 376 455 506 582 739 1036 


Ageing of the fibers does not affect Ta, Tam and (dw/dt)m, but aged fibers 
produce a higher char residue. Also the initial minor degradation steps, found in the 
unaged fibers, are absent in the aged fibers, presumably due to the less hygroscopic 
nature of the aged fiber. The increased char yield of aged fibers makes them good 
ablative materials where a better char yield is desired to take up the high heat 
produced during ablation. Table 6 gives the decomposition temperature for various 
percent weight losses for the unaged and aged fibers. Table 6 clearly shows the high 
temperature stability of melamine fibers. Even after 300°C, only 10% weight loss 
takes place. The table also shows that initial 10% weight loss takes place at a higher 
temperature for aged fibers compared to that of unaged fibers in argon and also this 
temperature is the lowest for the fibers decomposed in air. It can also be noted that 
both the degradation environment and ageing play a major role in the decomposition 
behaviour of the fiber only after 50% weight loss. In the case of unaged fibers, 80% 
weight loss takes place at 885°C in argon, whereas in air, 80% weight loss takes 
place below 650°C. Thus the difference between the degradation processes in air 
and argon is evident only beyond 500°C. This means that the presence of oxygen 
in the air largely affects the last degradation step. For aged fibers, 80% weight loss 
takes place only beyond 1000°C in argon atmosphere whereas the same percent 
weight loss takes place at 885°C for the unaged fibers in the same atmosphere. 
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4. CONCLUSIONS 


1. 


AFM studies reveal that a melamine fiber filament surface consists of hills and 
valleys, hills being triangular in geometry. Roughness analysis of the fiber 
shows that there is considerable variation in surface roughness from filament 
to filament. The fiber surface also contains die lines occurring during the 
manufacturing of the fibers. Ageing of the fibers at 150°C for 7 days causes some 
changes in the surface features. Surface roughness of the filament increases due 
to ageing. 


. Melamine fibers are semicrystalline having percentage crystallinity of 19.4. 


Ageing increases the crystallinity from 19.4% to 22.6%. 


. X-ray photoelectron spectroscopy studies show that the fiber surface consists 


of a large number of both hydroxyl groups (due to the methylol compounds) 
and carbonyl groups (due to surface oxidation during manufacturing). Ageing 
causes a reduction in the hydroxyl groups and an increase in the carbonyl groups, 
showing that the fiber becomes less hygroscopic due to ageing. FT-IR studies 
confirm the reduction of surface hydroxyl groups due to ageing. 


. Thermal stability studies show that major degradation of melamine fibers takes 


place only beyond 300°C. There are mainly two major degradation steps in 
the decomposition of melamine fiber both in argon and in air. In argon, 
the degradation is slow and continues even beyond 1000°C; whereas, in air 
degradation attains a plateau after 700°C. Thermal analysis also shows that 
melamine fibers have a lower thermostability in an oxidative atmosphere than 
in an inert atmosphere. Ageing improves the char yield of the fibers, showing 
that the aged fibers are better ablative materials. 
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Abstract—The morphology of pressure sensitive adhesives (PSAs), especially at the surface in 
contact with a release liner, is expected to have a dominant influence on the tack strength and energy 
in an application. We have used tapping-mode atomic force microscopy to determine the morphology 
at the surfaces of freshly-cast waterborne acrylic PSAs over lateral length scales of a few zm. We 
demonstrate that topographical features on silicone release liners can be used to pattern the PSA 
surface in contact with it. Control of the texture of a PSA surface can potentially be exploited to 
tailor its properties. Latex particle boundaries are much better defined at the air surface of the PSA 
in comparison to its back face. A series of experiments suggests that this difference results from the 
distribution of water-soluble species within the dry film. The pressures and processes involved in the 
transfer lamination process do not alter the PSA morphology. The first reported AFM images of the 
response of these materials to pressure and shear provide insight into the deformation mechanisms. 
Amplitude-distance curves on PSA surfaces show that there is a small decrease in tack and an increase 
in stiffness after ageing for 13 months. 


Keywords: Acrylic; latex; pressure-sensitive adhesive; atomic force microscopy; indentation; rough- 
ness. 


1. INTRODUCTION 


Pressure-sensitive adhesives (PSAs) adhere quickly and firmly to a surface under 
the application of light pressure. They exhibit high adhesion strengths without 
necessarily any chemical bond formation at the interface [1]. PSAs are increasingly 
being used in more demanding applications that require enhanced performance 
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characteristics [2]. Much progress has been made in understanding the mechanisms 
of tack and debonding in PSAs through a combination of modelling [3-6] and 
experiment [7—12]. This present work demonstrates a method to control the surface 
topography of a waterborne PSA. The topography and elasticity are then examined 
using atomic force microscopy. The relevance of this work will become clear in the 
following discussion. 

Recent theoretical models [13, 14] and experimentation [15, 16] have shown 
that the surface roughness of the adherend (or probe surface) profoundly affects 
adhesion strength and tack energy. Likewise, the surface roughness of an adhesive 
is likely to influence the PSA performance in one or more ways: (1) decreasing 
the contact area between the adhesive and adherend; (2) creating interfacial 
microbubbles that provide suction; and (3) nucleating cavities in the de-bonding 
process. Each of these effects will be considered separately, although they are inter- 
related. 

Contact Area. The tack energy of PSAs has been found experimentally to be 
proportional to the square of the true microscopic contact area with the adherend 
(as measured optically) [7]. In turn, the contact area is a function of the surface 
roughness of the adhesive, according to a recent model [3]. Other models have 
taken into account the effect of the surface roughness of the adherend in influencing 
the contact area with the adhesive [4]. 

Microbubbles and suction. A theory of tackiness developed by Gay and Leibler 
[5] assumes that the wavelengths of the roughness of the adhesive and adherend 
differ. When the two surfaces are placed in contact, two populations of microbub- 
bles are created. It was proposed that these microbubbles produced suction that 
increased the tack energy and the force required to separate the two surfaces. 

Cavitation. Probe tack tests have yielded great insight into the debonding 
mechanisms of PSAs. It has been clearly established that the formation of cavities 
at the interface, followed by fibrillation at higher nominal strains, is responsible 
for high tack energies [10]. Microbubbles at the interface, partially the result of 
adhesive roughness, are potential sites for cavity formation [5]. Internal interfaces 
in the film, resulting from poor particle coalescence, might serve as ‘weak points’ 
that determine the number of cavities that are formed [6]. 

In the case of waterborne (i.e. latex) PSAs, another factor must be considered. The 
presence of surfactants (and other low molecular-weight species) is likely to weaken 
the interface between the PSA and adherend and also might create nucleation 
sites for cavitation. Depending on the latex and surfactant types and the drying 
conditions, excess surfactant can be found at the PSA/air interface [17, 18] but 
also at the PSA/substrate interface [19, 20]. The presence of surfactant has been 
found to have a pronounced influence on the adhesion properties [21, 22]. Holl 
and co-workers [23] have shown that the interfacial effects resulting from the weak 
boundary layer of surfactant dominates the other effects influencing the adhesion 
properties. It is indeed noteworthy that surfactant is found at the locus of failure of 
the film [24]. 
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Further development of PSAs requires an analytical technique able to probe the 
topography of the soft, tacky surfaces of PSAs. Optical microscopy can characterise 
surface features over length scales larger than the diffraction limit of light. But a 
technique to analyse the surface roughness of PSA surfaces and to characterise the 
surfactant distribution, at the nanometer scale, is also required. Detailed studies of 
adhesive roughness and topography are lacking in the literature. 

Atomic force microscopy (AFM) has been extensively applied to many materials 
within the last decade, including latex films. However, in the field of PSAs, its 
use has been restricted by the problem of the AFM tip sticking to the adhesive 
surface and by deformation of the very soft surface by the tip. There are only a few 
reports of AFM applied to PSA surfaces [25-28]. Often AFM has been restricted to 
aged PSA surfaces that are less tacky and thus present less experimental difficulty 
[25, 26]. 

We have recently shown that it is possible to image latex PSA surfaces by using 
some rather extreme AFM tapping parameters [17]. In the present paper we 
demonstrate how AFM can be used as a characterization tool for PSA surfaces. 
Surface topography, the distribution of surfactant phases, and elasticity are all 
simply evaluated by this single technique. We provide the first AFM images 
showing the response of waterborne acrylic PSAs to pressure and shear. 


2. MATERIALS AND METHODS 
2.1. PSA characteristics 


A model acrylic PSA latex (referred to in previous publications [17, 29] as PSA A) 
was investigated. The latex dispersion has a bimodal particle size distribution 
(average particle sizes of 180 nm and 350 nm) and a solids content of 60 wt%. 
It was prepared by standard semi-batch emulsion polymerization. The polymer 
is a random copolymer based on an acrylic ester, 2-ethylhexyl acrylate, which 
yields a soft and tacky material with a low glass transition temperature (7,). High 
T, monomers (such as methyl methacrylate) are added in a smaller proportion to 
increase the 7,, in order to improve the cohesive strength as well as the peel and 
tack properties. A small amount of polar monomers (acrylic acid and methacrylic 
acid) are also copolymerised to improve adhesion to polar substrates and to provide 
sites for cross-linking reactions with other groups [13]. Dissolution of the latex 
polymer in organic solvent has revealed a low insoluble fraction, which indicates 
the presence of a significant amount of polymer chains with very high molecular 
weight and/or a partially cross-linked network. It is noteworthy that previous 
unpublished work in our laboratory has found that reducing the molecular weight 
did not enhance particle coalescence, as was observed by AFM. The 7, of the 
copolymer, as determined by DSC, is —45°C. The loop-tack strength of the PSA 
film, determined according to Finat Test Method No. 9 (FTM9), is 512 N/m. 
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2.2. Preparation of samples 


Films were cast onto silicone-coated release liners (30 cm x 20 cm) using a 40 wm 
hand-held bar coater. Both paper and polyester substrates were used. Hereafter, the 
release liners will therefore be referred to as silicone/paper and silicone/polyester. 
The films were dried under laminar air flow for 3 min on heated plates at 60°C ina 
controlled humidity chamber maintaining a relative humidity of 40%. (This drying 
temperature had been found to be the average temperature experienced by the latex 
on an industrial coater.) The dried films were about 20 wm thick. 

PSAs laminates are usually manufactured via a lamination transfer process, 
which is illustrated in Fig. 1. First, the film is dried on a release liner (usually 
silicone/ paper), then laminated on a facestock (paper or films of polymers such as 
poly(vinyl chloride), oriented polypropylene or poly(ethylene terephthalate)). In 
this work we have characterised both faces of the film: the PSA/silicone release 
liner face, which becomes the adherend contact face in an application, and the 
original top face that comes into contact with the facestock. Poly(vinyl chloride) 
sheets were used as the facestock in the transfer lamination process in the present 
work. Our sample preparation method replicated, as closely as possible, the transfer 
lamination process that is used in industrial production (Fig. 1). In some AFM 
experiments, the PSA was subjected to a pressure of 3 x 10° Pa before analysis. The 
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Figure 1. Schematic diagram showing the production of a PSA from the casting step and the transfer 
lamination process (Stages 1 to 4) to the end use (Stages 5 to 7). AFM analysis was performed at 
Stages 2 and 5. 
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surface of interest was placed in contact with a silicone release liner and compressed 
in a vise. 


2.3. Atomic force microscopy of PSA surfaces 


Small pieces (1 cm x 1 cm) of the cast PSA were cut from the large-area films 
and were analyzed with an atomic force microscope (Nanoscope IIIa, Digital 
Instruments, Santa Barbara, CA, USA) within three hours of casting. No significant 
evolution of the sample surface over a period of up to 12 h after casting was 
observed. All measurements used a silicon cantilever (NT-MDT, Moscow, Russia) 
equipped with an ultrasharp, conical silicon tip having a radius of curvature of about 
10 nm. The nominal resonant frequency fp of the cantilever is 320 kHz and its 
spring constant k is 48 N/m. 

As indicated in Fig. 1, AFM analysis was performed on either the original 
interface with air (at Stage 2) or on the back face of the PSA after release of the 
silicone liner (at Stage 5). Images were recorded simultaneously in the topographic 
(height) mode and in the phase mode, with scan sizes ranging from 5 4m to 30 wm. 
The optimum method for obtaining images of latex PSA surfaces has been reported 
previously [17]. Parameters needed to describe the tapping conditions are the ‘free’ 
amplitude Ao and the setpoint value d,,, which are defined in Fig. 2. 

The high tack of the PSA surface makes it necessary to use high tapping 
amplitudes to impart enough energy to the tip to pull it off from the adhesive surface. 
The tip is prone to sticking to an adhesive surface when low tapping amplitudes 
are used. A high setpoint ratio is required to minimise indentation of the tip and 
thereby to reduce deformation of the soft surface. To obtain values of Ao and d,, in 
metric units, a systematic calibration of the cantilever was obtained from amplitude- 


(c) 


Asp iz ds, + Zind 


dyplAg = Fey <1 


Figure 2. The free amplitude Ap is the oscillation amplitude of the cantilever when there is no 
interaction with the surface of the sample. The setpoint ratio r;, for a soft surface has been defined 
as dsp/Ag, where dsp, the setpoint value, is the distance between the tip and the sample [17]. Asp 
is then the setpoint amplitude of the cantilever when it has been reduced by contact with the sample. 
(b) When the tip first comes into contact with the surface, Asp = dsp and rsp = 1. (c) As the sample 
is raised up, the tip indents into the surface over a distance zjng. Asp is then equivalent to dsp plus 
Zind and rsp < I. 
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distance curves on a clean silicon wafer, assuming no deformation of the silicon 
surface and no bending of the cantilever during tapping [30]. 

All AFM images presented here have been obtained with nearly the same tapping 
conditions, as follows. The setpoint distance d,, was between 90 and 100 nm for 
all measurements. Ag was typically 20 nm above the d,, for the air surfaces of 
the PSAs and 30 to 40 nm above the d,, for the face delaminated from the release 
liner. These tapping conditions ensure that the indentation of the AFM tip into the 
PSA surface is small enough to avoid significant distortion of the morphology. It 
is, however, important to realise that the surface is necessarily indented by contact 
with the AFM tip [17]. 

Amplitude-distance curves obtained with the AFM have been used to monitor the 
adhesion and mechanical properties of the surfaces. In an amplitude-distance curve, 
the variation of amplitude of the cantilever oscillation is monitored as a function of 
the scanner displacement as the sample surface is brought closer to the cantilever 
tip. When the tip is far from the sample surface, the amplitude of the cantilever 
oscillation is, by definition, Aj. When the tip enters into the range of interaction 
forces with the surface, there is usually a slight decrease in the free amplitude value 
and a phase shift in the oscillation. The contact point is defined as the start of the 
amplitude decrease. 

Amplitude-distance curves were obtained from PSA surfaces using different Ao 
values (and hence different tapping energies). A qualitative comparison of fresh 
and aged PSA surfaces was made. The curves were repeated in five different areas 
(31], and examples presented here are representative of typical results. Amplitude- 
distance curves obtained from the PSA surface can also be used to evaluate the 
indentation depth of the tip into the PSA surface, as described elsewhere [17], and 
thereby can probe the surface hardness. 


3. RESULTS AND DISCUSSION 


This paper is divided into three inter-connected sections. The first section shows that 
surface features on the silicone substrate are permanently imprinted in the PSA cast 
on it. The second section compares the particle coalescence between the top and the 
back faces and considers the origin of the observed differences. The third section 
qualitatively explores whether the elasticity of the PSA surfaces evolves over time. 


3.1. Imprinting of substrate patterns on the PSA surface 


We first consider the morphology of the surface of the silicone/polyester release 
liner. Figure 3 shows a large area AFM scan showing the topography of the 
silicone/polyester surface. Channels with a depth of about 80 nm and a width 
of 1-2 um are observed in topographical images. The pattern and the density of 
channels vary across the surface of the release liner. The channels are attributed to 
imperfections resulting from the silicone coating process. There is no evidence that 
the surface chemistry varies laterally across the channels. 
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Figure 3. Top view (left) and 3D-view (right) of the irregular silicone/polyester substrate. Channels, 
with an average depth of 80 nm, are observed at the surface. Scan size: 30 wm x 30 wm; height = 
300 nm (left) and 200 nm per division (right). 


We have discovered that this pattern of channels in the silicone/polyester release 
liner can be imprinted into the back face of a PSA film that is cast upon it. Figure 4 
illustrates the effect as characterised by AFM. The top face of the PSA (obtained 
during Stage 2 of the process) has no dominant features except for the texture of the 
latex particles. The back face (obtained during Stage 5), by contrast, shows ridges 
with an appearance and dimensions that are comparable to the silicone/polyester 
surface. It is apparent that these ridges result from ‘moulding’ in the 80 nm deep 
silicone channels, but they are only about one-half the height expected if accurate 
replication had occurred. Hence, there is evidence for some relaxation or flow of 
the surface after delamination. The apparent differences between the topography 
of the channels and the moulded ridges, however, can also be partly attributed to 
deformation of the PSA induced by indentation of the AFM tip. In any case, the 
PSA surface does not fully flatten under the action of capillarity [32] when in contact 
with air, as would be expected for a strictly viscous liquid. 

Replication of the release layer topography was likewise demonstrated with a 
silicone/paper substrate having greater roughness than in the silicone/polyester. 
Figure 5 shows the results. Ridges, up to 300 nm high, are observed in the substrate 
(Fig. 5A). This topography is replicated in the PSA surface that was delaminated 
from it (Fig. 5B), although the ridges are less than 200 nm in amplitude. 

As already described in the Introduction, microbubbles might result from a 
difference in the length scales of roughness at an adhesive/adherend interface. It 
has been suggested that these bubbles create suction that can increase the adhesion 
strength [5]. On the other hand, excessive surface roughness of either the adhesive 
or adherend will limit the contact area at the interface, which can lower the adhesion 
strength and tack energy [3, 7]. Our results indicate that patterns on a silicone 
release layer could be used to tailor the surface topography of the PSA surface in 
order to impart the desired properties. Recent models of PSA adhesion specifically 
consider the roughness of the adhesive by describing it as cylindrical columns [3]. 
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Figure 4. AFM images of the PSA showing the (A) top surface (Stage 2) (vertical scale: height = 
50 nm; phase = 90 degrees) and the (B) back surface delaminated from the silicone/polyester release 
liner (Stage 5) (height = 100 nm; phase = 90 degrees). In both A and B, the height image is on the 
left, and the phase image is on the right. Scan size for both images is 30 pm x 30 ym. In 4B, features 
of the substrate are clearly apparent in the topographical image. The average height of the ridges is 
40 nm. The distinct white spots are interpreted as dust contamination. 


Patterns in the silicone release liner could be used to create any desired geometrical 
features at the optimum length scales. 


3.2, Comparison of top and back PSA surfaces 


Film morphology on a shorter length scale is considered next. Films usually appear 
flat over lateral distances of a few zm. Figure 6A is a representative image of the top 
surface of the PSA (Stage 2). Previous analysis has concluded that the particles near 
the air surface are flattened and cylindrical in shape [17]. Particle identity is clearly 
retained. The reason for this non-coalescence of particles has been previously 
attributed to the presence of the latex serum, containing surfactants and other low 
molecular weight species (mainly residues from the emulsion polymerisation) [29]. 
This liquid-like phase is rather uniformly distributed near the top surface, as can be 
observed in the larger area AFM images in Fig. 4A. 
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Figure 5. (A) AFM image of the silicone/paper release liner. (Vertical scale: height = 300 nm; phase 
= 50 degrees). (B) AFM image of the delaminated face of a PSA cast on the silicone/paper, | h after 
delamination (Stage 5). (Height = 200 nm, phase = 50 degrees). In both A and B, the height image 
is on the left, and the phase image is on the right. Scan size for all images: 30 wm x 30 wm. 


In PSA technology, the film face in contact with the release liner during the trans- 
fer process is of great interest because it will be subsequently placed into contact 
with the adherend (Stage 6 in Fig. 1). Figure 6B shows such a surface after de- 
lamination from the release liner. We are not aware of any previous reports of an 
AFM image of the back face of a waterborne acrylic PSA. There is an obvious dif- 
ference between this image of the back face in comparison to the top face (Fig. 6A). 

Individual particles can be seen on the back face, especially in the phase image. 
The back surface is less regular and apparently rougher than the top surface. The 
dark areas in the height image and the bright regions in the phase image are 
interpreted as species formerly contained in the latex serum. This second phase 
is not uniformly distributed around the particles. Some aggregates have formed. 
In comparison to the top face, the particle boundaries are less well defined. At 
the back face, there appears to be less of the latex serum phase. This apparent 
difference in the latex serum concentration between top and back faces is currently 
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Figure 6. AFM images of (A) the top face of the PSA (Stage 2) and (B) the back face after 
delamination from a silicone/polyester release liner (Stage 5). (Vertical scale: height = 50 nm, phase 
= 90 degrees, Scan size: 5 wm x 5 xm.) In both A and B, the height image is on the left, and the 
phase image is on the right. 


under investigation in our laboratory using complementary analytical techniques. 
The silicone/PSA interface probably has a low energy, which would not favor 
segregation of surfactant. The distribution of water-soluble species is probably 
influenced by the water concentration profiles during drying. 

We now consider the reasons for the observed differences in morphology when 
comparing the back and top surfaces. These differences could be the result of one 
or more stages in the processing that are experienced by the back surface but not by 
the top face. The back face experiences contact with the silicone release liner during 
drying (Stage 1), the pressure applied with the rubber roll during the lamination of 
the PSA on the PVC sheet (Stage 3), prolonged contact with the silicone release 
liner (mainly Stage 4), and the operative forces during the delamination of the 
silicone liner (Stage 5). These factors will be considered in the following discussion. 

First, experiments were conducted to explore the effect of pressure and delamina- 
tion on the morphology and arrangement of particles, as a way to mimic the effects 
of delamination in Stage 5. A silicone/polyester sheet was applied to the top face of 
a PSA under slight pressure for two seconds and then removed. This procedure was 
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Figure 7. AFM images of the PSA top face that had been pressed lightly with a silicone/polyester 
sheet and left in contact for 4 h before delamination. (Scan size: 5 wm x 5 wm; height = 50 nm, 
phase = 90 degrees). The height image is on the left, and the phase image is on the right. 


repeated three times, and then the surface was analysed by AFM. Images obtained 
before and after this process appear very similar. The phase contrast is found to 
be slightly lower, but particle boundaries are still clearly defined, and there is noth- 
ing in common with what is observed at the back face. These simple experiments 
indicate that contact with a silicone surface, the application of light pressure, and 
de-lamination are not sufficient to disrupt the phase separating the particles at the 
top surface. It is not expected that these factors contribute strongly to the observed 
morphology at the delaminated back face (Fig. 6B). 

A further experiment aimed to determine the effect of prolonged contact with a sil- 
icone surface on the particle morphology and arrangement of the top surface of the 
PSA. One might expect that a long contact time with silicone substrate could allow 
reorganisation of the surfactant phase and simultaneous particle coalescence. How- 
ever, after the top face was placed in contact for four hours with a silicone/ polyester 
release liner, there was no significant change in the appearance after delamination, 
as revealed in Fig. 7. Because the back faces in our experiments are usually analysed 
after less than two or three hours of lamination, we do not interpret the contact with 
the silicone liner as being related to the very different structure observed on the 
delaminated back face. 

In another experiment, a silicone/polyester sheet was applied onto the top face 
of a PSA for 10 s under a high thumb-pressure that also induced shear forces. 
The silicone/polyester was then removed, and the PSA surface was immediately 
analysed with AFM. The start of the scan was delayed for four minutes after the 
removal of the silicone/polyester sheet while the AFM scanning parameters were 
being optimised. Two successive scans of the same area were performed and are 
shown in Fig. 8. The first scan was recorded, while moving from the top to the 
bottom (Fig. 8A), and ended 11 min after the silicone liner removal. The second 
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Figure 8. AFM images of the PSA top face after being pressed with silicone/polyester (under 
combined shear and pressure) (A) 4 min to 11 min after removal and (B) 11 min to 18 min after 
removal. After 12 min, the particles have returned to their original state. (Scan size: 5 wm x 5 yum; 
height = 50 nm, phase = 90 degrees.) In both A and B, the height image is on the left, and the phase 
image is on the right. 


scan was started immediately after, moving from the bottom to the top (Fig. 8B). 
The second scan finished 18 min after the silicone liner removal. 

It can be observed in the first scan that particles are distorted from their circular 
shape by the shear stress that had been applied. As the scan progresses to the bottom 
of the image, the particles start to relax, and they appear less deformed. When the 
first scan is finished, the particles have almost completely relaxed, and so there is 
not much difference in the particle shape at the bottoms of the two images (Fig. 8A 
and B). 

A white line has been drawn on the images as a guide to the eye to illustrate 
the consistency of the position of the particles in relation to each other. Elastic 
contraction of the surface, primarily in the direction running from the top to the 
bottom of the image, is vividly demonstrated. Comparison of Fig. 8B to images of 
the top surface after casting (Stage 2), such as in Fig. 6A, reveals that the surface is 
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not permanently altered by the application of pressure and shear forces great enough 
to deform the particles and to strain the film. The particles keep the same neighbors; 
they are displaced across the surface without changing their position in relation to 
each other. Apparently, stress is transmitted from one particle to another, but this 
stress does not disrupt the phase that surrounds the particles. Particle identity is 
retained. 

These results provide convincing evidence that neither the pressure of the lami- 
nation process (Stage 3) nor the delamination of the silicone release liner (Stage 5) 
should alter the morphology of the back face. Instead, we propose that the differ- 
ences observed between Figs 6A and 6B are due to differences in the distribution 
of the surfactant and other water-soluble species in the film that develop during film 
formation. In other work, we have shown that the surfactant phase at the top surface 
can stabilise particles against coalescence [29]. There appears to be less surfactant 
at the back face, and so there is a greater degree of coalescence. The reason for 
this difference in the surfactant distribution is currently under investigation in our 
laboratory. 

In a similar experiment, the PSA surface was once again subjected to a shear 
force by a silicone sheet, but then the sheet was left in contact for 12 min before 
delamination. AFM analysis of the delaminated surface found no evidence for 
particle deformation or strain of the surface, as was the case in Fig. 8A when 
the surface was analysed shortly after delamination. We conclude that the PSA 
surface was initially deformed elastically during the application of the pressure and 
shear. During the storage, however, the PSA surface was able to relax to its original 
morphology by moving laterally along the silicone surface. 

The elasticity and plasticity of the PSA surface was also examined on a larger 
length scale. The rough surface of a silicone/paper release liner (cf. Fig. 5A) was 
pressed onto the top of a PSA film using a vise. The high resulting pressure (ca. 
3 MPa) was found to have a limited effect on the individual particles, with only 
some partial particle aggregation being observed. On larger length scales, there 
was no impression or indentation into the PSA surface from the topography of the 
silicone/paper substrate. The surface of the dry PSA behaved elastically and did 
not exhibit any plastic deformation. 


3.3. Elasticity and tack of fresh and aged PSAs 


From a practical point of view, any stiffening of the PSA surfaces would have an 
impact on adhesion performance, particularly because it would inhibit the wetting of 
an adherend. In PSA films formed from rubber/tackifier blends cast from solution 
[33], stiffening was observed and was attributed to phase segregation during ageing. 
The phase separation also induced a loss of tack, which enabled the AFM analysis of 
the aged PSA films. In the acrylic latex PSA investigated here, there is no tackifying 
resin. Experiments were conducted to determine if the film properties at the surface 
were subject to change with ageing. 
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Figure 9. Comparison of indentation curves on the PSA’s back surfaces of samples freshly cast (@) 
or aged 13 months (C1), with four different free amplitudes: (A) 22 nm, (B) 46 nm, (C) 77 nm and 
(D) 131 nm. (The motion of the scanner moving upward is represented as moving from the right to 
the left in all figures.) A more complete description of the amplitude-distance curves can be found in 
Ref. [17]. 


We have noticed that the scanning conditions necessary to image fresh PSA films 
are not the same that are required for aged films. When the PSA is aged it requires 
lower tapping amplitudes, which suggests that it becomes stiffer and less tacky over 
time. 

Amplitude-distance curves obtained from 13-month old PSA samples were com- 
pared to data obtained from freshly cast surfaces to explore whether there was any 
change in tack or stiffness with ageing. The analysis was performed on the back 
surfaces after delamination from the silicone release layer. The aged PSA was de- 
laminated immediately before the AFM analysis to ensure that there was no sur- 
face contamination during the period of ageing, which would interfere with the 
measurements. The amplitude-distance curves for four different Ag are shown in 
Figs 9A-D. 

When Ag = 22 nm, the tapping amplitude falls to zero shortly after contact 
between the tip and the surface. The amplitude for the fresh surface falls after a 
displacement that is about 1 nm less than found for the aged surface. This result 
indicates that the aged surface is slightly Jess tacky (as detected by the AFM tip). 
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With such a relatively low amplitude, the energy of the cantilever is quite low. 
Therefore, the attractive forces between the tip and the PSA surface are sufficient to 
trap the tip, causing the amplitude to fall to zero after a small displacement. 

With Ag = 46 nm, there is similarly evidence that the aged surface is slightly 
less tacky, as indicated by the drop in amplitude on the fresh surface after a smaller 
displacement. Only small differences between the indentation into the fresh and 
aged surfaces are observed. 

For the larger amplitudes (Ao of 77 nm and 131 nm), the energy of the cantilever 
is high enough to overcome the adhesion forces, and thus the amplitude does not 
drop abruptly after small displacements with the AFM tip being trapped on the 
surface. It then becomes possible to use the tip to indent into the surface to probe 
qualitatively the surface hardness. If a hard surface is moved toward the tip, then 
the amplitude would fall by the same distance as the displacement. The slope of 
the amplitude-distance curve consequently is unity for a hard surface. With a soft 
surface, the amplitude falls by an amount that is less than the distance of the scanner 
displacement. In Figs 9C and D, the amplitude decreases less with the scanner 
displacement for the fresh PSA in comparison to the aged PSA, which means that 
the indentation depth is greater in the fresh surface. This result suggests that there 
has been some stiffening in the aged PSA. 

The information yielded by the amplitude-distance curves is then two-fold. There 
is a slight decrease in tackiness of the PSA during ageing, and it is accompanied by 
a slight stiffening of the surface. It is important, however, to note that the changes 
measured in these waterborne acrylic PSAs are very small. This result is in good 
agreement with the observation that the bulk properties of acrylic PSAs are stable 
over time. 

Amplitude-distance curves provide a useful indication of the optimum tapping 
conditions for PSA surfaces. They allow the microscopist to define the zone of 
instability of the scanning parameters where the adhesion forces can provoke steep 
changes in amplitude. For example, with Aj = 22 nm, the amplitude falls to zero 
after a variation of only 1 nm! When Apo is small, there is a high sensitivity in 
the tip amplitude to a small scanner displacement, mainly because the energy of 
the oscillating tip is not high enough to overcome the adhesion forces. This is the 
reason why the use of a large Ag is necessary to image adhesive surfaces. 


4. SUMMARY 


AFM is a powerful technique to characterise PSA surface topography and to reveal 
the extent of particle coalescence during film formation. We have discovered that 
corrugations on silicone substrates leave an imprint on the back face of PSA films, 
which persists over time and even after being compressed. Many applications of 
PSAs (labels, tapes, films) use a silicone-coated substrate as a release liner. Any 
defects or roughness transferred to the back face of a PSA film will be placed in 
contact with the adherend over the lifetime of the PSA. In turn, any interfacial voids 
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associated with the surface roughness are likely to influence the adhesion strength 
and the tack energy. 

Particles are not coalesced at the top face of a waterborne, acrylic PSA. The 
particles are less distinct at the back face after delamination from the release liner. 
This different appearance of the back face can be attributed neither to the pressure 
during the lamination process nor to the removal of the silicone layer. It is very 
likely that the difference results from less surfactant (and other low molecular- 
weight species in the latex serum) being present at the back face. 

The elasticity of the PSA surface has been demonstrated in a very visual manner. 
When subjected to a shear stress, the particles are distorted in shape, but they 
relax to their original shape within 12 min after release of the shear stress. The 
particles retain the same neighbors as they move laterally across the surface, during 
relaxation of the stress. 

After ageing, PSA films do not lose their elastic properties. Only minor changes 
are detected in indentation curves after ageing PSAs for 13 months. Aged samples 
appear to be slightly less tacky and slightly stiffer than the fresh ones. 

This work has illustrated that AFM provides numerous insights into the film for- 
mation and properties of PSA films. Further uses of AFM include the investigation 
of the influence of tackifiers on morphology and the origins of water whitening. 
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Relating material surface heterogeneity to protein 
adsorption: the effect of annealing 
of micro-contact-printed OTS patterns 
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Abstract—We have investigated the influence of micrometer- and sub-micrometer-scale surface 
heterogeneities in patterned octadecyltrichlorosilane (OTS) films on human serum albumin (HSA) 
adsorption and its spatial distribution. 5-~zm-wide OTS patterns were created on glass substrates by 
micro-contact printing and in some instances subsequent annealing was used to alter OTS molecule 
distribution within the patterns. Scanning force microscopy (SFM), advancing water contact angles 
and water vapor condensation figures were used to characterize the OTS films and to assess the nature 
of the heterogeneities within the various surface areas. High-resolution fluorescence microscopy was 
used to record images of fluorescently labeled albumin on OTS patterned films and fluorescence 
intensity was quantified and converted into the adsorbed amount. Adsorbed albumin was also 
characterized through SFM measurements. Combined SFM topography and lateral force microscopy 
(LFM) imaging revealed that micro-contact printing of OTS onto glass both replicated the stamp 
pattern and created small islands within the non-stamped regions between the patterns. The OTS 
coverage within stamped regions was not fully continuous but improved with subsequent annealing. 
Annealing also resulted in OTS island growth within the non-stamped regions and decreased average 
wettability on both the stamped and non-stamped areas. The extent of albumin adsorption was not 
proportional to OTS coverage, but correlated with the sub-.m distribution of OTS chains. We inferred 
that the surface distribution of ligands such as OTS on a sub-jzm length scale determines the nature of 
albumin adsorption and its kinetics. 


Keywords: Surface heterogeneity; micro-contact printing; force microscopy; albumin adsorption; 
fluorescence microscopy. 
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1. INTRODUCTION 


Adsorption of proteins on biomaterials and model surfaces has been studied 
extensively in the past using a number of analytical techniques. A majority 
of these techniques, including ellipsometry, total internal reflection spectroscopy, 
surface plasmon resonance and Fourier transform infrared attenuated internal 
reflection, provided an averaged measure of protein adsorption on presumably 
uniform surfaces because of their inherent inability to spatially resolve the build- 
up of protein films at a sub-micrometer scale [1-4]. The majority of experiments 
conducted on protein adsorption to date fail to address the effects that adsorbent 
surface heterogeneities have on sub-micrometer scale protein 2D distribution in 
the adsorbed layer. To address this shortfall in the study of protein adsorption, 
scanning force microscopy (SFM) techniques, which provide nanometer-scale 
resolution surface information, have been used to investigate protein distribution on 
chemically heterogeneous substrates [5-8]. However, in order to resolve individual 
proteins, SFM requires ultra-flat substrates and has been shown to disrupt protein 
layers [6], especially in contact mode scanning. Similarly, scanning near-field 
optical microscopy, although it appears to be a promising method to monitor spatial 
protein distribution in protein layers [9], may also cause protein film damage. As a 
result of all these limitations, little has been done to show how micrometer and sub- 
micrometer substrate heterogeneities affect spatial and temporal protein adsorption 
patterns. 

In the present study, we have combined SFM with high-resolution fluorescence 
microscopy (hrFM) to gain new information about adsorbent material heterogeneity 
effects on protein adsorption. Although limited by optical diffraction, hrFM can be 
used to monitor spatial and temporal protein adsorption on biomaterial surfaces both 
qualitatively and quantitatively [10-13]. 

In the past, self-assembled monolayers (SAMs) of organosilanes and alkanethiols 
have been frequently used as model surfaces to study the nature of protein adsorp- 
tion on solid surfaces. The degree of organic molecules coverage on these sur- 
faces and thus the surface wettability can be precisely controlled through a number 
of methods, as described in the literature [14, 15]. The hydrophobicity of SAMs 
has been known to control the amount of protein a modified substrate will ad- 
sorb [15, 16]. SAM substrates can be readily and reproducibly fabricated with 
single or multiple types of organic molecules. A variant of SAMs with spatially 
controlled hydrophobicity is the so-called ‘wettability gradient surface’ in which 
organic molecule coverage changes along one of the surface linear dimensions [17]. 
Using octadecyltrichlorosilane (OTS) wettability gradient surfaces, we have shown 
previously that albumin adsorption increases with increasing surface coverage of 
OTS up to a certain limit: any increase of OTS surface coverage above 42% neither 
affected albumin adsorbed amount nor its adsorption kinetics from a dilute albumin 
solution [17]. 

Micro-contact printing (4¢CP) is another well-known method to spatially control 
proteins on surfaces through creating SAM patterns [18-20]. wCP methods have 
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been refined to enable the formation of well-defined sub-micrometer scale OTS 
features [21, 22] and the physical structure and organization of stamped OTS films 
have also been characterized [23-27]. 

The aim of this study was to investigate how heterogeneities and micro-gradients 
in a patterned OTS film directed the spatial distribution of adsorbed albumin. 
We used hrFM to monitor the course of human serum albumin adsorption on 
patterned OTS films with distinct differences in surface heterogeneities. The hrFM 
protein adsorption data were then matched and statistically correlated with the 
SFM-detected spatial distributions of OTS heterogeneity on the adsorbent material. 
Adsorbed albumin layers were also characterized with SFM techniques to confirm 
the results observed with hrFM measurements. 


2, EXPERIMENTAL 
2.1. Micro-contact printing 


Poly(dimethylsiloxane) (PDMS) stamps and stamp pads were fabricated by curing 
Sylgard-184 (Dow Corning) prepolymer in silicon molds at an elevated temperature. 
The patterned mold used in these experiments consisted of a 3 x 3 mm? patterned 
area composed of 5 wm wide, 1540 nm high, 3 mm long mesas separated by 5 ~m 
wide troughs (Mikromasch, Tallinn, Estonia). Planar silicon surfaces were used 
to fabricate featureless surface stamp pads. All molds and glass substrates used 
for OTS modification as well as glass surfaces used as controls were cleaned in 
a ‘piranha’ (H202/H2SOx4, 1:2 (v/v)) mixture, rinsed several times with double- 
distilled deionized (DD) water, then dried with filtered nitrogen gas immediately 
prior to each OTS reaction. A scanning force microscope (Explorer, Topometrix) 
was used to verify the faithful reproduction of the silicone mold topography on the 
PDMS stamps. OTS-patterned surfaces were created by a stamp pad method as 
described previously [21]. Briefly, 10 mM OTS in anhydrous n-hexane (Sigma) 
was applied to a PDMS stamp pad and allowed to evaporate and absorb into the 
pad. The stamp pad was then dried for 20 s with a stream of filtered nitrogen. A 
stamp was brought into contact with the stamp pad for 6 s using a stepping motor 
stage to enable the transfer of OTS molecules and a portion of any remaining solvent 
to the stamp. The stamp was finally brought into contact with a pre-cleaned glass 
coverslip (thickness #1) for 20 s. 

Upon stamping, the OTS patterned substrates were either immediately rinsed with 
hexane to remove any non-reacted OTS and then sonicated in an ethanol/DD water 
(1:1 (v/v)) mixture or first annealed followed by hexane rinsing and ethanol/water 
sonication step. The annealing step consisted of placing the OTS-patterned substrate 
into a covered glass dish in an oven (VWR) for 20 s where the glass dish surface 
temperature was 122°C and the oven air temperature was 95°C. Positive controls 
of both non-annealed and annealed OTS films were produced using smooth, planar 
stamps. Clean glass surfaces served as negative controls. 
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2.2. OTS pattern characterization 


2.2.1. Water contact angle. Advancing water contact angles were measured on 
the OTS-patterned substrates and on all control surfaces with a goniometer (Rame- 
Hart, A-100) equipped with a video camera (XC-73, Sony) and a data acquisition 
system (Power Macintosh 7100 with LG-3 frame grabber and Image software, 
Scion) using the sessile drop method. The OTS-patterned substrates were positioned 
with the OTS bands facing either in parallel or perpendicular direction with respect 
to the goniometer’s optical axis. A 0.25 jl droplet of deionized and double-distilled 
water (vy = 72 mN/m at 20°C) was carefully placed with a microsyringe (Hamilton) 
on the surface and immediately measured. The procedure was repeated at least 
10 times on each sample. 

The Cassie equation [28] was used to find the average wettability and fraction of 
OTS coverage for both the stamped and non-stamped bands of the patterned samples 
and for the controls: 


COS Bagy = f cos 6, + (1 — f) cos 62, (1) 


where Oaqy is the experimentally observed advancing water contact angle, f is a 
fraction of the OTS modified surface with characteristic contact angle, 0, and 62 
is the characteristic contact angle for an unmodified glass surface. The parameters 
required for solving the Cassie equation were obtained from the advancing water 
contact angles measured parallel (@,ay) and perpendicular (6,g,,) to the patterned 
OTS bands. A water contact angle of 64g, = 115° was measured on a complete 
OTS monolayer and 6,4, = 0° on a cleaned glass surface. The OTS coverage in the 
stamped bands ( fors-st) was calculated from: 


COS Fagy, — cos(0) 
cos(115) — cos(0)° 


An advancing water contact angle on the non-stamped bands (@aynst) WaS Computed 
from: 


(2) 


Sots-st _ 


(3) 


COS Gadvt — foTssw X COS Oaayi| 
COS Dadynst = {| —————-_ ], 


1 — forssw 
where the fractional OTS band width, fors,w, was found from AFM topographical 
images of the OTS patterns. The OTS coverage in the non-stamped bands ( fors-nst) 
was then found as: 

COS Oadynst — CoS(O) 


cos(115) — cos(0) ® 


Fots-nst = 


2.2.2. Scanning force microscopy. SFM cantilever tips (Veeco Metrology Group, 
‘Ultrasharp’, nominal spring constant, k = 0.5 N/m, gold-coated S3N,4, V-shaped) 
were made hydrophobic using an adaptation of a previously described method [29]. 
Briefly, the probes were cleaned in an ice-chilled H202/H2SO, (1: 2 (v/v)) solution 
for 2 min, then serially rinsed with the following three solvents in the order DD 
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water, ethanol and hexane. The chemical modification step was accomplished by 
placing the probes in a 10 mM OTS-hexane solution for 2 min followed by serial 
solvent rinsing in the order hexane, ethanol and DD water. The sessile drop method 
on the cantilever tip surface was used to verify the completion of the cleaning 
and OTS modification steps. The same SFM cantilever was used for all SFM 
measurements. 

An SFM instrument (Explorer, Topometrix) was used to measure OTS and 
protein film topography using contact mode as well as to simultaneously map the 
friction forces using lateral force mode. Topometrix imaging software and SKM 
software (based on NIH Image software, S. Barrett, University of Liverpool) were 
subsequently used for image processing and to determine physical characteristics of 
the patterns such as film thickness, friction contrast and OTS island coverage within 
the non-stamped regions of the patterns. Best results were achieved by measuring 
OTS film topography and lateral force maps in air while adsorbed protein layers 
were measured in aqueous solution to avoid artifacts caused by drying the protein 
film. 


2.2.3. Condensation figures. OTS-modified glass substrates were chilled and 
water vapor was quickly introduced to the substrate surfaces prior to taking bright 
field microscopy images using the microscope and CCD camera described in 
the FM measurements section below. Careful synchronization between water 
vapor introduction and image capture ensured imaging of surface-condensed water 
droplets within a fraction of a second of nucleation events. 


2.3. Protein adsorption experiments 


2.3.1. Protein labeling and purification. Human serum albumin (HSA; ICN, 
Fraction V, fatty acid free) was conjugated with Alexa Fluor 488 (af488, Molecular 
Probes) and the resulting labeled protein (af488-HSA) was isolated through gel- 
permeation chromatography and further purified through extensive dialysis. Thin 
layer chromatography was used to verify the separation of free dye from the labeled 
protein. UV-Vis spectrophotometry was used to determine the degree of labeling 
and protein concentration in the final af488-HSA solution [1]. The degree of HSA 
labeling was 0.83 mol af488 per mol HSA. The final af488-HSA solution was 
then diluted to a concentration of 5 g/ml in 10 mM phosphate-buffered saline 
(PBS, pH 7.4, ionic strength 0.165 M). Aliquots of the 5 g/ml af488-HSA stock 
solution were stored in small vials at -20°C and thawed immediately prior to each 
adsorption experiment. The same 5 jzg/ml af488-HSA stock solution was used for 
all adsorption experiments. 


2.3.2. Flow cell configuration. The adsorption flow cell was designed to enable 
the flow of buffer and protein solutions across glass coverslip (thickness #1) surfaces 
while allowing real-time fluorescence imaging of protein adsorption on the OTS- 
modified glass coverslip surface facing the interior of the flow cell. The flow cell 
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consisted of two aluminum blocks, which were used to clamp the OTS-modified 
glass coverslip and a glass slide together separated by a 305-ym-thick silicone 
rubber gasket. The flow cell was designed to have a microscope objective accessible 
opening on the side of the OTS-modified coverslip. The flow cell was placed on the 
stage of an upright fluorescence microscope (Nikon Eclipse E400) and a syringe- 
pump was used to flow solutions through the flow cell and into a collection reservoir. 


2.3.3. Adsorption experiment parameters. A vial of 5 ug/ml af488-HSA solu- 
tion was allowed to reach room temperature and was filtered with a 0.22 yum fil- 
ter (Millipore) immediately before each adsorption experiment. The flow cell was 
initially filled with PBS and a dark count image was recorded of the sample sur- 
face. PBS in the inflow tubing was subsequently replaced with the af488-HSA 
solution immediately prior to beginning the adsorption experiment. Faster flow of 
protein solution and PBS were used during the first 30 s of adsorption and desorp- 
tion processes to bring the solution to the observation area and thus limit the mixing 
and dilution effects. The flow was reduced to 0.1 ml/min thereafter. All experiments 
were conducted at room temperature. 


2.3.4, Fluorescence imaging. Fluorescence images of adsorbed af488-HSA on 
the OTS-modified and clean coverslips were recorded using a 100x, NA = 1.25, oil 
immersion objective (Leitz) in the epifluorescence configuration. A 12-bit Pelletier- 
cooled CCD camera (MicroMax, Princeton Instruments) was used to obtain high- 
resolution images of the adsorbed af488-HSA layer. Neutral density filters were 
employed to attenuate the excitation light in order to minimize photobleaching of 
the labeled protein and an exposure time of 4 s was used to reduce the effects of 
fluctuations in the excitation light source (75 W Xenon lamp) intensity and position 
over short time periods. A set of excitation band-pass, dichroic mirror and emission 
band-pass filters (Omega) was used to separate the excitation and emission photons. 


2.4. Fluorescence image processing and analysis 


Each fluorescence image was corrected for long-term variations in the excitation 
light intensity due to Xenon arc-lamp aging and changes in the microscope 
optical alignment, unevenness of the excitation illumination, and for fluorescence 
background originating from solution fluorescence, scattered light and electronic 
CCD readout noise according to the following equation: 


(Meas[*i¥j] — Dark [*iy;]) 
CFiae [i ¥j] — Zax: y;]) 
where Icor[x;y;] is the fluorescence image with the intensity corrected at any given 
pixel position, IMeas[x;yj;] is the recorded fluorescence image, Iparx[x;y;] is the 
recorded dark count image, /Fiar[x;y;] is the recorded flat-field fluorescence image 
kutvar is the correction factor for long-term variations in excitation light normalized 


Teor lXi yj] = kutvar X | x kn | kone , (5) 
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to the intensity of the background fluorescence caused by the af488-HSA solution 
in the flow cell under steady-state adsorption conditions, kpar is the average pixel 
intensity of the flat-field image and kpacker is the average pixel intensity of the 
background protein solution fluorescence in the flow cell for the given experiment. 
Each flat-field fluorescence image was recorded using either a free af488 in PBS 
(for adsorption times less than 60 s) or a densely adsorbed layer of af488-HSA on 
a uniform OTS-treated glass coverslip (for adsorption times longer than 60 s), each 
taken immediately before the given experiment. 


2.4.1. Conversion of fluorescence intensity into adsorbed protein surface density. 
In fluorescence imaging of protein adsorption, the fluorescence intensity corrected 
at any given pixel position, Jcor[x;y;], is composed of the in-focus fluorescence 
emission from the adsorbed layer (Jaqs) and the out-of-focus fluorescence emanat- 
ing from the protein solution in the flow cell (Js,.1). Since each of the two fluores- 
cence contributions to the total fluorescence intensity can be separately determined 
in experiments and the concentration of the af488-HSA solution, cso1, is known, 
the surface concentration of surface bound af488-HSA, Tysa, can, in principle, be 
calculated by finding the optical relationship between the two fluorescence compo- 
nents, Zag, and Js,). The conversion from Jag, and Iso, to Mysa used in this study 
paralleled the quantification of protein adsorbed amount in total internal fluores- 
cence microscopy [30, 31] and will not be described in detail here (data not shown). 
The error in the measurement of the adsorbed HSA surface density was up to £3.5% 
(estimated from the standard deviations of protein fluorescence intensity measured 
within OTS bands). A linear relationship between the measured fluorescence in- 
tensity and the adsorbed HSA surface density was assumed. This assumption was 
based on the previous quantification of fluorescein-labeled HSA adsorption using 
radiography and mass-transfer limited adsorption process [17, 32]. Alexa Fluor 488 
dye is both brighter and more photostable than fluorescein; consequently, its very 
low photobleaching and relatively large Stokes shift (21 nm), together with the low 
degree of protein labeling, ensured that the self-quenching and photobleaching of 
af488-HSA conjugate in the surface layer was minimal. 


2.4.2. Protein adsorption for SFM measurements. OTS-patterned glass sub- 
strates and substrates with control surfaces were placed in an adsorption chamber 
containing PBS, which was then exchanged with filtered 5 g/ml af488-HSA solu- 
tion. The samples were simultaneously incubated in af488-HSA for 90 min at room 
temperature then rinsed with and stored in PBS until analyzed. 


3. RESULTS 
3.1. OTS pattern characterization 


3.1.1. SFM topographical imaging of OTS patterns and controls. SFM images 
of the topography of various OTS patterned surfaces used in this study provided 
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local information about OTS film thickness and distribution. Figure 1A and 1B 
displays the faithfulness of the reproduction of the OTS stamped pattern on the 
glass surfaces. Stamped bands in the non-annealed patterns (Fig. 1A) were 
5.37 + 0.38 um wide, while the annealing step increased average stamped band 
width to 5.92 + 0.3 wm (Fig. 1B). The average height of OTS patterns found in the 
stamped regions corresponded to a slightly less than reported monolayer thickness 
of 2.5 nm [23, 24], thus indicating that the stamped pattern might have been either 
compressed by the scanning SFM tip, or contained less than complete monolayer 
OTS coverage in these regions. Similarly to what was reported by others [23], 
the island formation within the non-stamped regions was also apparent and was 
found to increase with stamp contact time. Our initial hypothesis was that vapor 
phase transfer of OTS molecules from the stamp to the neighboring glass surface 
was responsible for the island formation. The contact time of 20 s was, therefore, 
selected to minimize island formation in non-stamped regions (Fig. 1). However, 
we also found that even with 20 s of stamp contact time a substantial quantity 
of non-reacted OTS remained in the stamped regions and that these molecules 
could: (a) either be quickly removed by solvent rinsing to produce a sharp step- 
function type of OTS pattern, or (b) be allowed to spread and react with the 
neighboring regions in a short annealing step. Using this second approach, we 
have combined CP with a vapor diffusion-controlled silanization method [33], 
a combination that proved valuable in producing OTS films containing unique 
patterns of surface heterogeneities. 

Migration of non-reacted OTS from the stamped regions could also occur by 
processes other than vapor phase transfer. For example, surface-diffusion could 
be responsible for the somewhat increased width of the stamped bands in annealed 
samples (5.37 + 0.38 zm for non-annealed pattern width vs. 5.92 + 0.3 wm for an- 
nealed pattern) (Fig. 1). In some instances, the edges of the stamped bands in the an- 
nealed pattern are more than a monolayer thick, indicating that some piling up of the 
OTS molecules at the edges has occurred during the annealing step (Fig. 1B). Height 
profiles of the two patterns also demonstrate the existence of narrow OTS concentra- 
tion gradients between stamped and non-stamped regions. A number of large OTS 
islands in the non-stamped bands in non-annealed samples (Fig. 1A) could also have 
been formed by the ejection of small amounts of OTS during the stamping process. 


3.1.2. Water contact angle measurements. Figure 2 shows the top view of the 
water sessile drop edges on the OTS pattern. Water protrudes into the more 
hydrophilic bands and recedes from the more hydrophobic regions creating an 
undulating pattern of the drop edge perpendicular to the orientation of the OTS 
bands (Fig. 2A). The water drop edges positioned parallel to the OTS bands stop on 
the boundary of a hydrophobic band forming a straight drop edge (Fig. 2B). 

Table 1 lists the measured water contact angles for the various areas on the OTS 
pattern and on controls as well as the calculated average OTS coverage for each area. 
Contact angles observed parallel to the stamped bands were used to calculate OTS 
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Figure 1. (A) SFM image of non-annealed OTS pattern topography. Brighter bands represent the 
stamped areas of the substrates (marked by an ‘S’) while non-stamped areas are darker (marked by 
an ‘N’). An average height profile is presented in the panel above the image below. (B) SFM image 
of annealed OTS pattern topography. Brighter bands represent the stamped areas of the substrates 
(marked by an ‘S’) while non-stamped areas are darker (marked by an ‘N’). An average height profile 
is presented in the panel above the image below. 
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Figure 2. Top view of typical water-drop edges on OTS patterned substrates. (A) Water-drop edge 
positioned perpendicular to OTS bands reveals alternating hydrophobic and hydrophilic areas with a 
periodicity of approx. 10 um. (B) Water-drop edges positioned parallel to the OTS bands stop on one 
of the hydrophobic bands forming a straight drop edge. 


Table 1. 
Advancing water contact angles +1 standard deviation on stamped and non-stamped regions of the 
patterned substrates and on controls, and calculated OTS coverage within each specified area 


Non-annealed Annealed Non-annealed Annealed 
Stamped Non- Stamped Non- (Control) Control Glass 
stamped stamped 


Contact angle (°) 67.442.1 37.34 94.642.3 49.87 67.5 + 1.5 94.2+1.9 0? 
OTS coverage (%) 43.3 14.4 75.9 24.9 43.4 75.5 0 


* Contact angle values calculated from experimental data using the Cassie equation (equation (1)). 
» Glass coverslips completely wetted and so water contact angles could not be measured. 


coverage within these regions according to equation (2). The measurements taken 
both parallel and perpendicular to the stamped bands were required to calculate 
these contact angles and the average OTS coverage within the non-stamped bands 
using equation (4). Due to the annealing process, the average OTS coverage 
increased from 43.2% to 75.9% in the stamped regions and from 14.4 % to 24.9% 
within the non-stamped bands. There was good agreement between calculated OTS 
coverage for the stamped OTS areas and the OTS controls both before and after 
annealing treatment indicating that the methodology developed to compute each 
OTS coverage (i.e., use of equations (2)-(4)) was reliable. 


3.1.3. Condensation figures. Water vapor condensation figures have been de- 
monstrated as a convenient method to visualize local differences in substrate 
wettability [34]. Images of water vapor condensation figures on non-annealed and 
annealed stamped patterns revealed the nature of heterogeneity within the OTS films 
(Fig. 3). Water droplets, seen under bright field illumination as darker spots in 
Fig. 3, readily nucleated on cooled OTS patterned surfaces and initially began to 
grow on both the non-stamped and stamped bands of the non-annealed OTS pattern 
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Figure 3. Water vapor condensation figures (water droplets appear as darker areas): S, stamped 
region; N, non-stamped region. (A) Non-annealed OTS pattern, (B) annealed OTS pattern. The 
lower contrast of the condensation image in the non-annealed pattern (A) is due to a lower density of 
nucleated droplets on the stamped OTS regions versus the non-stamped regions. 


(Fig. 3A). The most visible difference between non-annealed and annealed stamped 
regions is that fewer droplets nucleated on the stamped OTS regions in the annealed 
sample. Assuming that the defects in the OTS-stamped regions served as droplet 
nucleation centers, we inferred that the OTS-stamped regions contained a smaller 
number of defects after the annealing process, while the non-stamped regions in 
both the non-annealed and annealed samples contained, overall, a larger number of 
nucleation sites. 


3.1.4, Lateral force microscopy imaging of OTS patterns and controls. Lateral 
force microscopy (LFM) has been used in the past to visualize the extent of surface 
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Figure 4. Lateral force microscopy images of OTS patterns: S, stamped, N, non-stamped regions. 
(A) Non-annealed pattern: the stamped areas are composed of many small islands and some islands 
exist in the non-stamped areas. (B) Annealed pattern: the stamped areas appear more continuous 
while considerable island formation has occurred within the non-stamped areas. 


chemical heterogeneity that often eludes mere SFM topography imaging [5]. As 
evidenced in Fig. 4, LFM provided higher resolution images of the OTS patterns 
and associated microstructures than those found in SFM topography images (Fig. 1). 
The brighter regions in the LFM images in Fig. 4 corresponded to areas of higher 
OTS coverage. A collection of closely packed, nearly equiaxed islands was 
observed in the OTS-stamped regions in the non-annealed sample indicating that the 
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OTS reaction with glass during stamping proceeds through parallel nucleation and 
growth of many islands. A smaller number of similar size isolated islands was also 
found in the non-stamped regions. The annealing step appears to have coalesced 
the OTS island boundaries within the stamped regions but it also greatly increased 
the number of small OTS islands in the non-stamped bands (Fig. 4B). Interestingly, 
these islands did not grow in size upon annealing but remained similar in size to 
the islands found before the annealing process. A distinct, smaller population of 
larger OTS islands was found on both samples in the region between stamped and 
non-stamped bands. We conclude that the annealing process affected the extent of 
surface micro-heterogeneities on the stamped and non-stamped regions differently: 
it improved the uniformity of stamped OTS regions, while at the same time it 
decreased the uniformity in the non-stamped regions (Fig. 4A). 


3.2. Albumin adsorption 


Monitoring protein adsorption as a function of time through high-resolution fluores- 
cence imaging provided information about how the adsorption process was affected 
by the micro-heterogeneities in the OTS layer. Figure 5 displays six snapshots of 
af488-HSA accumulation on the annealed and non-annealed OTS patterns at six dif- 
ferent adsorption times, 1.5, 4, 10, 15, 30 and 90 min. Based on the hrFM images, 
we found that the adsorption of af488-HSA proceeded at a faster rate and reached 
steady state sooner on the OTS stamped regions than on the non-stamped regions for 
both the annealed and non-annealed OTS patterns. In the case of the non-annealed 
pattern (Fig. 5A), af488-HSA adsorbed at a higher surface density on the less wet- 
table OTS-stamped areas: ysq was 0.188 g/cm? on the areas with 43.3% average 
OTS coverage compared with Tysq = 0.165 g/cm? on the non-stamped regions 
where average OTS coverage was 14.4%. Somewhat surprisingly, in the case of the 
annealed OTS pattern (Fig. 5B), protein adsorption was greater on the non-stamped 
regions than on the stamped regions, as indicated by the fluorescence image of the 
af488-HSA adsorbed layer at 90 min of adsorption. A higher surface density of 
af488-HSA, Tysq = 0.220 pg/cm?, was found on the less wettable, non-stamped 
regions, where average OTS coverage was 24.9%, than on the stamped bands where 
Tusa was 0.179 wg/cm? (average OTS coverage 75.9%). The adsorption contrast 
between stamped and non-stamped bands for the annealed OTS pattern switched at 
about 12 minutes into the adsorption process. 

Calculated af488-HSA coverage densities at 90 min of adsorption agree well with 
data published in the literature [17, 32, 35]. af488-HSA adsorption on the control 
OTS surfaces (i.e., on uniformly annealed and non-annealed OTS films on glass) 
were similar to those for the respective stamped areas of the OTS patterned surfaces, 
while the adsorbed amount of af488-HSA on the clean glass surface reached an 
average density of only 0.057 jug/cm? after 90 min of adsorption. Although each 
sample was subjected to 90 min of desorption by PBS buffer, only a small fraction of 
bound af488-HSA desorbed. The average desorbed amount for the OTS-modified 
substrates was 4% of the total adsorbed amount and was never greater than 6% 


5 min 


Figure 5. Time-course fluorescence images of af488-HSA adsorption on OTS patterns. All images have the same intensity scale, i.e., the intensity is 
proportional to af488-HSA adsorbed amount. Lower left section of each image was processed (bas-relief) to enhance the details of the af488-HSA 
distribution. (A) Non-annealed OTS pattern, as evidenced by changes in fluorescence intensity af488-HSA initially adsorbed more quickly on the OTS- 
stamped regions. Heterogeneities in the stamped OTS regions result in spatial irregularities in protein adsorption: darker spots within the OTS-stamped 
regions correspond to the level of af488-HSA adsorption, comparable to that found on the non-stamped areas. (B) Annealed OTS pattern: af488-HSA 
adsorbs faster on the OTS-stamped region edges and reaches steady-state fluorescence on the OTS-stamped areas within minutes. Adsorption proceeded 
more slowly on the non-stamped regions but the adsorbed amount eventually exceeded that in the OTS-stamped regions: the reversal in the band brightness 
was seen starting at 12 min of adsorption time. Darker spots within the non-stamped regions correspond to the af488-HSA adsorption on larger OTS islands, 
which was found to be comparable to the adsorbed amount found on the stamped areas. 
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for any of the samples. The clean glass substrate experienced a 10% reduction in 
protein coverage after 90 min of PBS desorption. 


3.3, Characterization of af488-HSA adsorption with SFM techniques 


Topographical characteristics of all the samples were altered by af488-HSA adsorp- 
tion. Figure 6 shows that af488-HSA adsorption on the non-annealed pattern in- 
creased the average height difference between the stamped and non-stamped bands 
from 1.65 + 0.10 to 2.04 + 0.15 nm, while on the annealed patterned surface the 
average height difference between stamped and non-stamped bands decreased from 
1.84 + 0.10 to 1.22 + 0.20 nm after protein adsorption (Fig. 6A). The observed 
changes in the average height difference between stamped and non-stamped bands 
in the non-annealed and annealed patterns support the fluorescence data that pro- 
tein preferentially adsorbed on the stamped areas in the non-annealed pattern and 
adsorbed in greater amounts on non-stamped areas in the annealed pattern. Interest- 
ingly, the adsorption process decreased the friction difference between the stamped 
and non-stamped bands in the non-annealed pattern indicating protein coverage in 
both areas, whereas little change in friction differences, if any, between the stamped 
and non-stamped bands was caused by HSA adsorption on the annealed pattern 
(Fig. 6B). 


4. DISCUSSION 


Based on OTS glass chemistry, we have fabricated and characterized model surface 
patterns designed to come in contact with complex biomacromolecules. Although 
the OTS patterns on these substrates appeared macroscopically homogeneous, they 
were found to contain chemical heterogeneities on a wm and sub-jm scale in 
both stamped and non-stamped regions. The OTS stamped regions and defects 
therein, concentration gradients between stamped and non-stamped bands, and 
island formation in non-stamped regions all provide interesting features to facilitate 
the investigation of the effects of surface micro-heterogeneity on protein adsorption. 

Macroscopic techniques, such as advancing water contact angles, are typically 
used to characterize surface wettability; but they sample large areas and provide 
only an average measure of surface coverage of hydrophobic moieties (Fig. 2). 
Similarly, water condensation images (Fig. 3), while convenient as a means to 
estimate the number of defects in the OTS patterns, are not only indirect but 
also difficult to standardize. Almost all OTS surface features, however, could 
be imaged on a sub-ym scale using SFM. In particular, LFM has provided 
the highest resolution contrast in imaging OTS stamped regions, concentration 
gradients between stamped and non-stamped bands, defects in stamped bands and 
island formation in non-stamped regions (Fig. 4). 

One aim of this study was to relate these small-scale surface heterogeneities with 
albumin adsorption. High-resolution fluorescence microscopy was selected as a 
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Figure 6. Average SFM parameters before and after HSA adsorption. (A) Average height differences 
between stamped and non-stamped bands before and after protein adsorption. (B) Average friction 
force difference between stamped and non-stamped bands before and after protein adsorption. The 
friction force is not calibrated and is presented in AFM photodetector current units (nA). Error bars 
are +1 standard deviation. 


method to simultaneously monitor protein adsorption kinetics on OTS patterns, 
as well as to monitor protein spatial-temporal distributions on a 4m and sub-uwm 
scale, But even in hrFM experiments, the adsorbed protein fluorescence is observed 
from many surface sites and is summed up to a composite fluorescence intensity 
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measured at each pixel of the image recording device (Fig. 5). Hence, the analysis 
of the effects of surface micro-heterogeneity on protein adsorption is limited by 
the optical resolution of the hrFM. Protein adsorption kinetics can provide some 
estimate of the energy distribution of binding sites available to the molecule being 
adsorbed. Namely, higher affinity surface sites are expected to fill up with bound 
proteins faster than lower affinity sites, although albumin adsorption was probably 
initially transport-limited due to relatively low protein solution concentration. As 
a result, a cluster of high-affinity sites will lead to a faster increase of fluorescence 
intensity and, conversely, clusters of low-affinity binding sites will bind proteins 
more slowly. 

Although it has been shown in the past that HSA preferentially adsorbs on 
non-polar, hydrophobic surfaces [36-38], there is also strong evidence that HSA 
will bind more readily and strongly to binding sites containing both hydrophobic 
and hydrophilic moieties and boundaries than either to hydrophobic solids or to 
surfaces with densely-packed hydrophobic molecules. Namely, it has been shown 
that the wetting transition zone of a carefully prepared wettability gradient surface 
will adsorb more HSA than more hydrophobic portions of the gradient [17, 39]. 
It has also been shown that HSA molecules will preferentially adsorb on defect 
boundaries in organosilane films created on hydrophilic substrates [7, 8]. Golander 
et al. postulated that HSA preferentially adsorbed on areas of intermediate 
organosilane coverage because of the amphiphilic and deformable nature of the 
HSA molecule [39]. Several studies have also shown that organosilane films 
of intermediate coverage irreversibly bind HSA with a higher affinity than more 
hydrophobic or hydrophilic areas indicating more favorable interactions between 
the alkyl chains and the HSA molecules [38-40]. In fact, it has been shown that an 
HSA molecule possesses several fatty-acid-binding sites, which can interact with 
alkyl chains [41]. Petrash et al. further postulated that HSA preferentially binds 
to substrates containing less densely packed alkanesilanes and at film boundaries 
because the chains in these areas will have more freedom of movement which will 
enable an increased possibility for optimal interactions with HSA alkyl binding 
sites [40]. 

In the present study we observed the highest HSA adsorption on areas containing 
intermediate average OTS coverages of 24.9% (on non-stamped annealed bands, 
Tusa = 0.220 g/cm?) and 43.3% (on stamped non-annealed band, Tysq = 
0.188 j4g/cm*) which corresponds well to previous findings [17]. The correlation 
between intermediate OTS coverage amounts and greater maximal HSA adsorption 
found in this study helps support evidence found by others [40] that greater adsorbed 
amounts may be due to surfaces where OTS molecules are less densely packed. 
The LFM maps (Fig. 4), however, provide more compelling evidence that increased 
HSA adsorption is not merely due to an average OTS packing, but rather to the 
surface heterogeneities present in the form of local OTS density distribution. In 
particular, HSA consistently adsorbed more readily on the non-stamped bands of 
the annealed patterns than on the stamped bands, despite the fact that the stamped 
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bands had an average OTS surface coverage nearly three times greater than the non- 
stamped bands. We conclude, therefore, that the surface micro-heterogeneities in 
the OTS films prepared in this study have a significant impact on protein adsorption 
and that areas of intermediate coverage facilitate increased HSA adsorption when 
compared to densely packed hydrophobic organosilane films. Three different effects 
of local OTS concentration are quite interesting: (1) within the stamped OTS bands 
in the non-annealed samples one finds areas of lower fluorescence intensity, i.e., 
local areas of low HSA adsorption (Fig. 5A), (2) HSA adsorption on the OTS 
concentration gradients in the annealed OTS patterns increases faster than the 
adsorption on the neighboring stamped and non-stamped regions (Fig. 5B) and 
(3) within the non-stamped regions in the annealed samples one also finds darker 
spots, indicating local areas of low HSA adsorption (Fig. 5B). While the darker 
spots within the OTS-stamped regions (case 1) correspond to the level of af488-HSA 
adsorption which is comparable to that found on the non-stamped areas, similar 
darker spots within the non-stamped regions (case 3) seem to correspond to the 
af488-HSA adsorption on larger OTS islands and at the adsorption level found on 
the stamped areas. 

It has been shown by others that albumins denature to a greater extent on more 
hydrophobic surfaces [6, 42] and that initial binding rate increases with the ability 
of HSA to denature upon adsorption [43]. We postulate that strong hydrophobic 
interactions between a more densely-packed OTS region cause HSA molecules 
to denature upon adsorption in such a way that multiple surface binding sites are 
occupied. Because of the rapid depletion of these sites, one would expect to see 
albumin adsorption reach its steady state more quickly but at a lower adsorption 
level. We also postulate that areas containing mixed hydrophobic and hydrophilic 
sites bind protein at greater surface densities but more slowly due to the time 
required to find the best match between HSA alkyl binding sites and underlying 
substrate OTS chains. At very low OTS coverage, the OTS molecules are so 
distantly spaced that the number of OTS-HSA interactions is reduced so that 
adsorbed amount decreases with decreasing OTS coverage, i.e., with decreasing 
surface hydrophobicity. 


5. CONCLUSIONS 


In this study we have shown that high-resolution fluorescence microscopy is a viable 
technique to monitor protein adsorption and protein temporal-spatial changes down 
to a sub-jzm length and a second time scale. By correlating hrFM data with OTS 
pattern properties, such as SFM-determined lateral force and topography, we have 
shown that heterogeneities in OTS films existing on the wm and sub-uwm length 
scale have a significant effect on albumin adsorption kinetics, adsorbed amount, 
and its surface distribution. It is probable that the local OTS density distribution 
associated with heterogeneities found in the patterns created in this study and not 
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re hydrophobicity effects provides a more accurate model to predict the nature 


and extent of HSA adsorption on various areas on these substrates. 
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Abstract—In polymer matrix composites, the interface between the reinforcing phase and the bulk 
phase is paramount to the overall performance of the composite as a structural material. This interface 
is now thought to be a distinct, three-dimensional phase surrounding the reinforcing phase called 
the interphase. The developments of the atomic force microscope and nanoindentation devices have 
facilitated the investigation of the interphase. Previously, force modulation atomic force microscopy 
(AFM) and nanoindentation were the primary methods used to determine the size of the interphase 
and its stiffness relative to the bulk phase. The present investigation utilized phase imaging AFM 
and nanoindentation to examine the interphase in a glass fiber-reinforced epoxy matrix composite. 
Nanoindentation experiments indicated that the relatively stiff fiber might have caused a gradient in 
the modulus across the interphase region. Specifically, the modulus next to the fiber approached that of 
the fiber and decreased to that of the bulk polymer as the distance away from the fiber increased. Once 
the fiber was removed by chemical etching, this gradient reversed itself, hence, nanoindentation, due 
to the fiber bias, was not found to be adequate for measuring actual interphase properties. It was found 
that phase imaging AFM was a highly useful tool for probing the interphase, because it involves much 
lower interaction forces between the probe and the sample than force modulation or nanoindentation. 
The interphase in the model composite investigated was found to be softer than the bulk phase with a 
thickness of 2.4-2.9 wm, and was independent of fiber silane pretreatment, for silane pretreatments 
between 0.1% and 5.0% (initial aqueous concentration). 


Keywords: Interphase; polymer matrix composites; atomic force microscopy (AFM); phase imaging; 
nanoindentation. 


*To whom correspondence should be addressed. Phone: (605) 394-2343; Fax: (605) 394-3360; 
E-mail: jkellar@silver.sdsmt.edu 


722 T. D. Downing et al. 


1. INTRODUCTION 


In polymer matrix composites (PMCs), the region separating the bulk polymer from 
the fibrous reinforcement is of utmost importance to load transfer. This region was 
originally dubbed an interface, but is now most often viewed to be an interphase 
because of its three-dimensional, heterogeneous nature [1, 2]. This is not to say 
that it is a distinct phase, as the interphase does not have a clear boundary. It is 
more accurately viewed as a transition region that possesses neither the properties 
of the fiber nor those of the matrix. Consequently, the mechanical properties of 
the interphase are of interest. This paper discusses methods used in these analyses 
and a new approach to measuring the size and relative mechanical properties of the 
interphase. 

Researchers have hypothesized that the interphase has distinct mechanical prop- 
erties from those of the reinforcing phase or the bulk polymer. For example, an 
interphase that is softer than the surrounding polymer would result in lower over- 
all stiffness and strength, but greater resistance to fracture [2, 3]. The deformable 
layer theory describes this type of interphase [4]. On the other hand, an interphase 
that is stiffer than the surrounding polymer would give the composite less fracture 
resistance but make it very strong and stiff [5]. This type of interphase is described 
by the restrained layer theory [6]. It is conceivable that the nature of the interphase 
would vary with the specific composite system (e.g. carbon fiber versus glass fiber). 

The existence of an interphase in PMCs had long been speculated before the 
advent of techniques that could probe on the scale necessary to show its existence. 
The interphase is generally thought to be very thin (less than 5 wm), with the 
differences in properties between the bulk polymer and the interphase very subtle. 
The thickness and property gradients within the interphase region have been the 
focus of increasing research efforts during recent years. These efforts have been 
heightened by the advent of scanning probe microscopy, which has the ability to 
probe materials, and presumably the interphase, on the nanometer scale. 

In 1990, Williams et al. [3] estimated the thickness of the interphase in a carbon 
fiber/epoxy system to be 500 nm. Williams et al.’s approach involved a micro- 
pullout method to estimate interphase thickness. In 1997, VanLandingham et al. 
used an atomic force microscopy (AFM) nanoindentation technique to determine 
the thickness of the interphase in a copolymer to be 3 wm [7]. In 1998, Munz er al., 
using force modulation AFM, determined the interphase in a carbon fiber/epoxy 
system to be 20-80 nm thick [8]. Also in 1998, Mai et al. observed the interphase 
in a glass fiber/epoxy composite using force modulation AFM to be 1-3 um [9]. 
In 1999, Bogetti et al. found the interphase in a carbon fiber/epoxy system to be 
3 nm [10]. A summary of these findings, along with the system and technique used, 
appears in Table 1. Also shown in Table 1 is the relative hardness of the interphase 
compared with the bulk polymer (if determined). 

As can be seen in Table 1, the primary methods for measuring interphase char- 
acteristics have been AFM force modulation and various forms of nanoindentation. 
Force modulation involves moving the atomic force microscope tip across a sample 
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Table 1. 
Summary of previous findings on interphase thickness and properties in various PMCs 


Investigators Polymer system (method) Interphase thickness; hardness 
relative to bulk polymer 


Munz et al. [8] Carbon fiber in epoxy 20-80 nm est.; hardness not 
(AFM force modulation) reported 

Bogetti et al. [10] Carbon fiber in epoxy 0.003 jzm; softer 
(finite element analysis of AFM 
nanoindentation) 

Williams et al. [3] Carbon fiber in epoxy 500 nm est.; softer 
(nanoindentation and micro-pullout 
debonding) 

VanLandingham er al.(7] Epoxy and polysulphone 3 xm; harder 


(AFM nanoindentation) 


Winter and Houston [11] Glass fiber in epoxy 8 um; softer initially, then 
(nanoindentation/ interfacial force harder than bulk 
microscopy) 

Mai et al. [9] Glass fiber in epoxy 1-3 ym; ductile in sized 
(AFM force modulation) fibers, brittle in unsized 


in contact mode while the force between the tip and the sample is modulated using 
a piezoelectric element in the tip holder [12]. Nanoindentation utilizes the same 
principle as microindentation (or microhardness testing). The difference is that in 
nanoindentation the probe and loads are much smaller so as to produce indents a few 
micrometers to a few hundred nanometers in size. Nanoindentation is performed ei- 
ther with an indenter probe on the end of a capacitive load sensor or by a diamond 
AFM probe affixed to a stiff, stainless steel cantilever. 

Reviewing the material in Table 1, it appears that the interphase in carbon 
fiber systems appears to be thinner than in glass fiber systems and the interphase 
generally tends to be softer than the surrounding polymer. Also, surface treatment 
of the fibers is rarely reported. This paper will focus on nanoindentation and a phase 
imaging technique, the use of which in interphase analysis has not been reported. 
Phase imaging is similar to force modulation except that Tapping Mode™ is used 
rather than contact mode. 

In Tapping Mode™, the AFM tip is oscillated at its resonant frequency and the 
tip briefly and lightly impacts the sample surface during each oscillatory cycle 
[13]. This is advantageous in probing soft materials, such as polymers, because 
the tip—sample interactions are much less damaging than in force modulation or 
nanoindentation. Phase imaging measures the changes in the phase lag of the 
oscillation frequency when the AFM tip interacts with areas of differing mechanical 
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Table 2. 
Materials used in this research 


Constituent Product Manufacturer Comment 
Fiber 25 wm diameter, Dolan-Jenner Optical fiber approximating 
optical grade SiO2 fiberglass reinforcement 
Matrix material EPON 828 Shell Chemical Commercially used polymer 
Curing agent Nadic methyl Aldrich Chemical 
anhydride (NMA) 
Initiator Imidazole Avocado Research 0.5% concentration 
Surface treatment y-Aminopropyl- Aldrich Chemical 0.0%, 0.1%, 1.0%, and 5.0% 
triethoxysilane concentrations 
(y-APS) 


properties, and is an extremely sensitive method for differentiating surface features 
of differing stiffness [12]. For example, a softer material will lead to a greater 
phase shift and appear bright in the phase image [14]. The phase image would, 
in the case of a softer interphase, show a bright area surrounding the reinforcing 
phase. The size of this bright area would then indicate the size of the interphase. 
Conversely, an area adjacent to the fiber that is darker than the surrounding matrix 
would indicate a harder, stiffer interphase. However, some care must be exercised 
in the interpretation of data between different materials as the phase lag may depend 
on the contact mechanics of the tip—sample interaction. 


2. EXPERIMENTAL 


The choice of materials for this research was made to integrate all areas of investi- 
gation within our research group. The integrated effort includes various analytical 
techniques and encompasses multiple scales, namely molecular, nanometer, and mi- 
crometer. Evanescent wave spectroscopy using optical glass fibers has been used to 
give molecular level information concerning PMC interphase chemistry [15, 16]. 
Similarly, microbead-debonding tests have been used to measure microscopic level 
mechanical properties [17, 18]. Taking these other areas of investigation into ac- 
count, Table 2 shows the constituents of the fiber/matrix system used in this re- 
search. 

Each sample was initially prepared by fiber surface treatment followed by polymer 
curing. The curing agent chosen was NMA with 0.5% imidazole initiator (see 
Table 2). The fiber bundles used with the epoxy system were immersed in an 
aqueous solution of y-aminopropyltrimethoxysilane (y-APS) at room temperature 
for 1 h. The fiber bundles were then dried at 115°C for 1 h and cooled to 93°C. 
Treated fibers were next placed in a 100:90 EPON 828—NMA mixture along with 
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Roughness Analysis 


Image Statistics 


Img, Z range 108,48 nm 
Img. Mean 0,105 nm 
Img. Raw mean 3,328 nm 
Img. Rus CRq) 17.155 nm 
Img. Ra 13.844 nm 


Box Statistics 


Z range 108.48 nm 
Mean 0.070 nm | 


Raw mean 3.292 nm 
Rms CRq) 17,151 nm | 
Mean roughness CRa} 13,846 nm 
Box x dimension 8.577 um 
Box y dimension 8.611 um 


2.00 


i4aps215.004 


Figure 1. AFM roughness analysis of a 1% silane sample. 


0.5% imidazole initiator. The mixture was contained in an insulated aluminum cell 
and maintained at 93°C using a Harrick Scientific temperature controller. After 1 h 
the temperature was increased over a period of 10 min to 115°C and the sample was 
allowed to cure overnight [16]. 

Subsequently, the samples were prepared for AFM and nanoindentation analyses. 
The sample preparation was as follows. The original specimens were donut-shaped 
with the fibers running circumferentially about the center. The ‘donut’ was then cut 
along a diameter. A small section, approximately 3 cm in width, was then cut from 
one of the half-donut pieces. The small section was then shaped into a 2 cm cube 
using a circular diamond wafering blade. The resulting cube had fibers running 
along the upright axis perpendicular to the top and bottom faces. The cube was then 
affixed to a stainless steel disc, or puck, such that the fibers ran perpendicular to the 
puck. 

Next, the top face of the sample was polished using suspended alumina particles 
on a standard polishing wheel. Polishing was performed stepwise starting with 
1 ym alumina particles (Buehler Scientific), then 0.3 um particles, and finally 
0.05 um particles. The top face of the sample was then cleaned in an ultrasonic 
bath consisting of three parts water to one part isopropyl alcohol [8]. After the 
sample was dried, it was then ready for analysis. 

The surface of a typical sample had a vertical range of 100-200 nm with an RMS 
roughness (R,) of 15—20 nm and a mean roughness (R,) of 10-20 nm. Figure 1 
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shows a roughness analysis of an AFM height image of a typical sample using a 
Digital Instruments Nanoscope Ila Multi-Mode AFM. The fiber appears on the 
left-hand side of the image. Some scoring in the polymer matrix (right-hand side) 
due to polishing can be seen. 

The polished sample was then analyzed using phase imaging in Tapping Mode™ 
[13, 14]. Areas adjacent to a fiber, yet sufficiently away (approximately 20 4m) 
from another fiber were selected so as to prevent the influence of interphase overlap. 
The drive frequency of the cantilever was chosen such that the tip—sample forces 
were minimized. This was achieved by setting the drive frequency at the low end of 
the second free resonant frequency [19]. Other settings, such as feedback set point 
and oscillation amplitude, were kept constant from one sample to the next. 

For nanoindentation experiments, the near-fiber region was located and imaged 
using scanning force microscopy (SFM) available with the Digital Instruments 
Nanoscope IIIa Multi-Mode AFM. To avoid erroneous results due to rough topog- 
raphy, the surface to be indented was checked for flatness, with a maximum permis- 
sible topographical variation of 5 nm. 

Nanoindentations were performed using a Hysitron Triboscope™ Nanomechani- 
cal Test Instrument running parallel to the AFM. The standard indenting procedure 
prescribed by Hysitron Inc. [20] was adopted for performing nanoindentations. A 
peak load of 120 WN at a loading rate of 40 uN/s was used. SFM images of indents 
and their load—displacement curves were stored in the Hysitron sensor program for 
future analysis. 

After initial nanoindentation, the samples were leached with concentrated hy- 
drofluoric acid for 5 min to remove the fibers. Each sample surface was repol- 
ished and nanoindentations were performed on the same region to see the change 
in nanomechanical properties in the near-fiber region in the absence of fibers. The 
nanoindending procedure and parameters were kept the same as those used for sam- 
ples with fibers. Figure 2 shows the images before and after leaching fibers from 
the sample. 


3. RESULTS 


Nanoindentation experiments next to the fiber resulted in a gradient in the reduced 
modulus. Specifically, as shown in Fig. 3A, the reduced modulus varied between 
~35 and ~5 GPa at a distance of about 1.5 44m away from the fiber, after which 
the modulus value seemed to be close to that of the bulk matrix. However, after the 
fiber was removed by chemical etching, this gradient in the modulus was reversed, 
as shown in Fig. 3B. A similarly shaped curve was observed for every fiber studied, 
although the maximum value obtained varied. Also, the bulk value of ~5 GPa was 
constant in all tests. 

Figure 4 shows a representative phase image from one of the samples. The 
interphase thickness was determined by a statistical analysis of the phase image 
data. Each phase image was taken apart line-by-line and averaged to produce a 
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(B) 


Figure 2. (A) AFM image of the composite surface in the presence of a glass fiber. The scan size of 
the image is 53.20 zm. (B) AFM image of the composite surface in the absence of a glass fiber. The 
scan size of the image is 51.29 wm. 


Table 3. 
Interphase thickness determined by phase imaging 


y-APS concentration Average interphase thickness of each fiber scanned (4m) 

(%) 

0.0 No successful trials 

0.1 2.2, 2.1, 2.9, 2.8, 2.5, 2.7, 2.6, 2.5, 2.8, 2.7, 2.1, 3.0, 2.7, 2.4, 2.4 
1.0 2.3, 2.6, 2.8, 3.1, 2.5, 2.4, 2.3, 2.2, 2.5, 2.7, 3.0, 2.8, 2.6, 2.7, 2.6 
5.0 2.8, 2.9, 3.2, 3.3, 2.6, 2.7, 2.7, 2.8, 2.5, 3.1, 2.3, 2.9, 2.9, 2.5, 2.3 


single line representing the mean scan line. This mean line showed the property 
gradient between the fiber and the bulk polymer. The thickness of the interphase 
is the distance from the fiber where the property gradient decayed 90%, or 10% of 
its initial value. In Fig. 4, the position of the three sets of pointers indicates the 
100% (right pointer) and 10% (left pointer) values of the gradient. Table 3 shows 
the phase imaging results of each sample with different y-APS fiber pretreatments. 

The sample with no y-APS pretreatment did not yield any phase imaging results 
because the fibers debonded each time the sample surface was prepared, creating 
a chasm between the fiber and the interphase that was too deep to probe with the 
AFM. This was due to the fact that the surface treatment promotes adhesion between 
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Figure 3. (A) Reduced modulus of the matrix next to the fiber, in the presence of a fiber. The reduced 
modulus varied between ~35 and 5 GPa at a distance of about 1.5 um. (B) Reduced modulus of the 
matrix next to the fiber, in the absence of a fiber. The reduced modulus varied between ~3 and 5 
GPa at a distance of about 1.5 4m away from the original fiber volume. Results for 1 wt% y-APS 
surface-treated fiber. 


the fiber and epoxy, and since no y-APS was used with this sample, the fibers did 
not bond well to the epoxy. 

The interphase thickness in this system was found to vary between 2.4 and 2.9 zm 
(95% confidence). Furthermore, it was found that this interphase thickness did not 
vary with the silane concentration pretreatment, when this pretreatment was used. 
The dark area on the right of the phase image shown in Fig. 4 is the fiber. The 
bright area to the left of the fiber is the interphase, which then transitions into the 
darker bulk material. Because the interphase is brighter than the bulk material, it is 
relatively softer, as described previously. Figure 4 also shows the thickness of the 
interphase. The distance between the three sets of pointers is shown to the right of 
the image. As can be seen in this example, the thickness of the interphase ranges 
from 2.3 to 2.4 wm. 
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Figure 4. Section analysis of phase image showing interphase size and gradient. 


4, DISCUSSION 


A possible effect of the fiber on the interphase measurements was seen by nanoin- 
dentation. This fiber effect manifests itself as an increase in the effective modulus 
when the nanoindentations are made within 1 «wm of the fiber. In other words, de- 
spite the extremely low load (120 N) used with nanoindentation measurements, 
the presence or absence of the fiber influenced the reduced modulus values that re- 
sulted within 1 um of the fiber. Our research group is currently performing other 
analyses, including finite element analysis, to model the effect of fiber proximity. 
Phase imaging of the samples on which nanoindentation was conducted indicates 
that the interphase thickness is 2.4—2.9 wm and that the interphase is softer than the 
bulk polymer matrix. Neither of these effects was observed in the nanoindentation 
data. With the fiber present, a stiffer interphase was found within 1 ym of the fiber 
and no difference between the fiber and the matrix was found. The first effect has 
been attributed to a fiber bias, as described previously. The second effect is most 
likely due to the relatively small differences between the properties of the interphase 
and matrix making their differentiation difficult. These effects indicate that, for the 
system studied in this work, a 120 WN load does not provide sufficient sensitivity 
for the resolution of the interphase properties. 

Consequently, the approach to determining the thickness and relative stiffness of 
the interphase via phase imaging appears to be an improvement over nanoinden- 
tation. The advantage of phase imaging over current nanoindentation techniques 
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is the ability to probe a soft sample using very small loads. It has been estimated 
that tapping mode contact forces between the tip and the sample surface is of the 
order of 100-150 nN [19]. This makes phase imaging much more sensitive to local 
variation in surface stiffness, much more so than nanoindentation where loads are 
between 50 and 150 uN. 

Phase imaging also proved a much better method of analysis than force modula- 
tion for this system. Force modulation was attempted but the resultant images pro- 
vided an extremely low contrast when compared with phase imaging. This low con- 
trast is thought to occur because the AFM probe is not in constant contact with the 
sample surface in phase imaging, whereas in force modulation the probe is dragged 
along the sample surface. This creates high lateral forces that degrade the sample 
significantly, resulting in a lower contrast. 

As mentioned earlier, the phase imaging results suggest that the interphase 
thickness does not change appreciably with the silane concentration. These results 
can be interpreted in terms of the possible methods by which the interphase forms. 
Furthermore, the coating of fibers with silane coupling agents is not a very well 
understood phenomenon. Current understanding suggests that such silane coatings 
have three layers [21]: a surface bonded layer whose structure depends on the type 
of substrate and the conditions under which adsorption occurred. This surface 
bonded layer is attached to a chemisorbed multilayer whose structure is fairly 
compact near the surface and becomes less compact as the distance from the 
surface increases. Finally, the outermost layer is a physically bonded layer which is 
composed of silane oligomers which are only weakly bonded to the silane, which is 
chemisorbed to the surface. The relative abundance of each of these phases depends 
on the surface chemistry of the fiber and on the solution concentration. At 5% silane 
in solution, relatively more physisorbed silane is expected to be present on the fiber 
than when 1% silane is in solution. At 0.1% silane, little or perhaps no physisorbed 
silane is expected. 

Two hypotheses for the same interphase thickness can then be envisioned. First, 
the physisorbed silane may be soluble in the epoxy resin. This would cause all 
surfaces to exhibit a nearly identical chemisorbed silane surface to the polymer. 
Alternatively, the chemical differences between the physisorbed layer and the 
chemisorbed layer are extremely small, thus causing the polymer to ‘see’ essentially 
the same surface in all cases. Previous research on coupling agent reaction 
chemistry in our group has indicated that only a little of the adsorbed silane leaves 
the surface upon exposure to epoxy polymer [22]. This seems to indicate that the 
alternative explanation may be more likely. 

In either case, the important factor is the chemical nature of the surface. In many 
cases, the interphase forms due to preferential adsorption of one component (usually 
the amine curing agent) with respect to the other components of the polymer. 
Thus, if essentially identical surfaces are exposed to the polymer, equal thickness 
interphases should result. This assumes that the interphase is much thicker than 
the thickness of the adsorbed layer. A good test of this hypothesis would be to 
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measure via phase imaging the interphase thickness in the absence of adsorbed 
silane. Unfortunately, we were unable to complete these experiments in time for 
this paper, due to debonding of the fiber from the matrix during sample preparation. 

The preferential adsorption of one component of the polymer is also thought 
to be responsible for the softness of the interphase. VanLandingham er al. [23] 
showed that altering the stoichiometry of epoxy resulted in an alteration of the 
network formed during curing. Specifically, the epoxies contained a harder phase 
and a softer phase. For amine-rich epoxy, which may be similar to the interphase, 
a greater amount of the softer phase was observed compared with stoichiometric 
(bulk) epoxy. 


5. CONCLUSIONS 


A possible fiber effect was found on nanoindentation measurements in the near- 
fiber region. This was shown by nanoindentation measurements with and without 
the fiber present. Under these conditions, the gradient in the modulus was 
seen to reverse itself. AFM phase imaging is a good tool for measuring the 
thickness and relative stiffness of the interphase in PMCs. Specifically, due to 
the extremely low loads involved with phase imaging, any fiber bias effect found 
with nanoindenation can be minimized. For the PMC system investigated, phase 
imaging found the interphase to be 2.4-2.9 wm thick, with the interphase being 
softer than the bulk matrix. Also, the interphase size was found to be independent 
of the fiber silane pretreatment. Future work will incorporate finite element analysis 
with nanoindentaiton and AFM phase imaging. It is felt that this combined 
analytical/experimental approach will lead to an improved understanding of the 
role of the interphase in PMC performance. 
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Abstract—An atomic force microscope is used to image an unstressed sample which is subsequently 
stressed and re-imaged. An image analysis program is described which allows mapping of surface 
deformations from the images. 

In order to show the scope of the present analysis of deformation in plastics, three load conditions 
showing deformation in a glassy plastic have been selected. In the first a simple tensile load is 
applied and the image is obtained at low magnification. These images show the general, homogeneous 
deformation expected with a general elongation in the load direction, an obvious Poisson contraction 
in the surface plane normal to the load direction and some slight suggestion of Poisson contraction 
in the through-thickness direction. This loading configuration is intended to reproduce the predicted 
deformations to illustrate the applicability of the method under simple load conditions. The second 
loading condition, of a tensile specimen containing a hole, is intended to illustrate the applicability of 
the system to more complex loading conditions where stress concentrations modify the deformation 
pattern. The third loading condition is around the tip of a crack propagating in a predictable way 
in a standard fracture toughness specimen. These images are intended to show the usefulness of the 
method in characterizing deformations in a complex stress field during failure of the material. 


Keywords: AFM; polymers; deformation. 


1. INTRODUCTION 


In order to characterize material behavior of complex systems, a knowledge of the 
elastic modulus is essential. For many systems the modulus has been shown to 
vary on a very fine scale such as in the interphase between the fiber and the matrix 
in traditional composites [1] and between the adherend and adhesive in a bonded 
joint [2]. In these regions, material properties change on the spatial scale of a 
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few tenths of a micrometer to a few micrometers. In order to determine and map 
modulus variations such as these, knowledge of the local stresses and strains is 
needed at an appropriate scale. For example, in adhesive joints, researchers often 
postulate the presence of an interfacial region with different mechanical properties 
from the bulk adhesive. A knowledge of the displacements near the interface 
that occur on loading an adhesive joint would supply direct evidence for modulus 
variations in this region. 


1.1. Microscopy of polymers 


Optical, electron, and atomic force microscopies have been used to characterize 
surfaces of polymers. 

Optical resolution is suitable for analysis of materials down to about 10 wm. 
Analysis of stereomicrographs can be used to provide surface maps from optical 
images [3], but phase-microscopy could also be used. Optical equipment can give 
detailed image of the average stress through a transparent polymeric sample using 
polarized light and stress-optical procedures [4]. 

Scanning electron microscopy can be used to provide information on the surface 
topography of material samples. This has been used for analysis of crack growth in 
metallic materials [5] and for analysis of deformation around fibers in plastic matrix 
composites [1, 6]. This technique is complex and can give rise to artifacts [1]. 

Atomic force microscopy is well suited to analysis of surface deformations in 
materials. It has high X, Y, and Z resolution. This paper describes development 
of image analysis algorithms to map surface displacements induced in polymeric 
systems by the application of loads. 


2. EXPERIMENTAL 
2.1. Materials and sample preparation 


The materials used were based on an epoxy resin (Epon 825 supplied by Shell 
Chemical Corp.) cured with a proprietary amine (Jeffamine D230 supplied by 
Texaco Corp.). The amine is identified as an amine terminated polyoxypropylene 
which was stated to have an approximate molecular weight of 230. For the tensile 
sample with hole, the epoxy matrix was used directly. For the simple tensile and 
cracked samples, the epoxy system was modified by the addition of 10 wt% of a 
carboxyl terminated polybutadiene polymer (Hycar 1300). The resin, curing agent, 
and additives were mixed in stoichiometric proportions by hand and then agitated 
the mix in an ultrasonic bath for about 1 min to ensure homogenization [7]. The 
mix was then centrifuged to remove entrapped air, poured into molds and cured at 
60°C for several hours. 

Tensile samples were cast into micro-tensile molds which produced samples about 
50 mm long with a 25-mm waist section, 5 mm across and 1 mm thick. Sample 


Surface deformation measurements in polymeric systems 735 


| i” Tensile specimen 
ns 


Approximate region 
for the image 
in Fig. 5 


O Tensile specimen with circular 
stress concentration 


© Compact tensile specimen 
with a crack 


O Approximate region for the image 
in Fig. 6 


Figure 1. Schematic representation of the sample configurations used. The tensile specimens are 
about 40 mm long and about 4 x 1 mm cross section in the waist region. The hole giving the stress 
concentration in the second sample is slightly under 1 mm diameter. The compact tensile samples are 
about 10 mm square and 1 mm thick. The sample is notched and a short crack initiated in the notch 
using a razor blade as a wedge. 


dimensions were approximately those suggested by ASTM 1708. The compact 
tensile specimens were cast as sheets between glass plates with silicone rubber 
spacers which were cut into rectangular samples. The final dimensions were 12 mm 
square and 1 mm thick. The process used for initiating a sharp crack in the specimen 
is described in ASTM D5045. Following this method, a notch was cut into the 
sample using a jeweller’s hacksaw and a sharp crack tip was initiated by tapping 
a precooled razor blade into the notch of the sample, cooled in liquid nitrogen. 
Specimen configurations are shown in Fig. 1. 

In all cases, the samples were polished using carborundum paper from 240 grit 
down to 1200 grit on a Buehler roll polishing table and then on a Buehler rotating 
polishing station using alumina grit from 5 to 0.05 zm. The samples were cleaned 
in an ultrasonic bath. The samples were then coated with a film of carbon using 
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standard vacuum coating techniques. Although samples without carbon could be 
imaged, the carbon reduced problems associated with build-up of static charge and 
added fine structure to the image at the submicrometer level. The tensile sample 
with the hole was polished and coated after drilling a single 1-mm diameter hole 
approximately in the center of a standard tensile dogbone. The compact tensile 
specimen was polished and coated after the crack had been initiated. 


2.2. Atomic force microscopy measurements 


A Topometrix Acurex IIL AFM was used to generate the surface topographic 
images. The samples were held in a straining stage which was bolted to the stage 
of the AFM. The standard specimen chuck had the capability to move the straining 
stage in the X—Y directions or to rotate it. After positioning the sample under the 
microscope probe, the sample stage was locked in place using vacuum clamps. The 
stage was fitted with open jaw grips for the miniature tensile dogbone samples or a 
pin jaw for the miniature compact tensile specimens. In general, the samples were 
imaged in an unstressed state and were then deformed and images of the deformed 
specimens were taken under load. The straining stage incorporated a load cell with 
a load capacity of 100 kg. The load cell output was recorded on a PC. A mechanical 
dial gage was used to measure the overall crosshead displacement. The load cell 
was calibrated with dead weights before use and the dial gage was read directly. 

The AFM images were recorded in non-contact mode in which the tip vibrates 
close to its natural resonant frequency. The control mechanism adjusts the height of 
the tip above the surface to maintain a constant amplitude of vibration. The image 
is generated using the position of the tip relative to the surface as the tip is moved 
across the surface. 

The measurement of surface deformations reported here requires collecting two 
images of essentially the same area differing in the applied load. Although the 
software used to analyze the deformation included a procedure to register the 
two image areas, it was found that the precision was improved if the overlap 
area between the images was maximized. The load could not be changed on the 
specimen while the probe was in contact with the surface as any Z movement would 
have resulted in damage to the probe. With care, however, the general area close to 
the end of a fiducial mark could be imaged, using the lowest magnification of the 
instrument (100 4m square). Local features visible in this image would generally 
allow a 50-j2m square viewing area to be selected that was the same, within the 
required precision, each time the surface was imaged. Images were collected with 
image areas down to about 5 wm square but at higher magnifications the features on 
the images became difficult for the software to detect reliably and the deformation 
data were lost in noise. Future work will address methods for optimizing the size of 
surface features to allow images to be resolved at higher magnifications. 

Generally, two images were recorded at each load condition and the Topometrix 
software package was used to flatten and rescale the images. The algorithm used 
was a second-order plane correction which was used to minimize the effect of 
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the curvature in the path of the probe tip during collection of the image on this 
instrument. The files were exported in ASCII format into the analysis software 
(MATLAB Version 5.1). 

The Topometrix software package passes the image to the MATLAB software 
as two matrices. Both matrices are square with the number of rows and columns 
equal to the resolution selected during imaging. In this case the resolution was 300 
pixels. Each cell contains a number which is a quantitative assessment of an image 
property measured by the Topometrix program. The height data used for this work 
were derived from the voltage supplied to the piezo-crystal linearized by internal 
calibration of the voltage applied to the Z-piezoelement as a function of tip position 
in the Z-axis. 

The program to derive the deformation data from the selected images is described 
in detail below. In this program, the first image, after optimum registration with the 
second image, is divided into a number of test areas. For example, in the simple 
tensile load case shown below, the test area was 10 x 10 pixels. The outside rows 
and columns are removed as the edge-areas in the deformed image in two of the 
dimensions will typically lie outside the reference test area. This leads to a random 
match which obscures the precision of the remaining matches. 

The search area is restricted to reduce computational time and to reduce the 
probability of a match between random areas giving a chance correlation higher 
than the real match due to the statistical nature of the correlation. A high value for 
this variable usually results in a large number of random, large displacements, while 
a low number limits the size of the largest displacement that can be found equal to 
the value of the input number in pixels. If the real displacement is larger than this 
value, the program will find a random match. Some optimization of the data can be 
obtained by trying different values for this constant. 

Displacements, such as those shown in Fig. 2, are found from the X and Y 
coordinates necessary to register the test area in the two images. The program also 
produces output such as is shown in Fig. 3. This output image includes thumb- 
nail images of the two areas after superposition, a plot of the maximum correlation 
coefficient (scaled to lie between zero and one) as a function of X, Y position of 
each element and three 3D curves illustrating the variation of the X,Y, and Z 
displacements with the position of the test region in the first image. 


2.3. Image processing 


In image processing the correlation, [(Ax), between two continuous images i, (%) 
and i2(X), where x is a two-dimensional spatial location in the image, is given by 
equation (1): 


T(Ax) = / d?Xi,(X)i2(X + AX), (1) 


where AX is a shift variable, and the integration is taken over all space. For 
the simple case where i2(X) is simply a shifted version of i,(X), ie. if i2(x) = 
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Calculated Displacements 
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Image coordinates in pixels:300pixels =50 ym 


Figure 2. Calculated displacements for a tensile sample superimposed on the image of the unstrained 
sample. Loading on the sample is described in the text but the tensile load is applied in the horizontal 
direction. 


i,(x — AX}), it is easy to show that [(Ax) takes its maximum value for the shift 
Ax = Ax, and that [(AxX) > 0. Conversely, in the limiting case where i; () 
and i2(x) consist entirely of zero-mean, uncorrelated noise, P(Ax) = 0. It is also 
possible for [(Ax) < 0, in which case 7; (x) and i2(x) are said to be ‘anticorrelated’, 
but as will become apparent later in the paper, this case is of no interest in the present 
application. When i2(X) is similar, but not identical to i,(x), P(A) still typically 
(except in a few degenerate cases) takes on some maximum positive value, though 
the maximum value is generally less than the maximum mentioned above for the 
case where i,() and i2(X) are shifted versions of each other. This maximum in 
T'(Ax) occurs at the shift for which i;(X) and i2(x) match to the largest extent 
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Figure 3. Summary output from the analysis program for the image of the simple tensile specimen 
shown in Fig. 2. The two images (a) and (b) represent the unstrained and strained images after global 
superposing and trimming of unmatched areas. Image (c) shows the maximum correlation obtained 
for each area. Images (d)—(f) show the displacements in the X-, Y-, and Z-directions, respectively, 
over the image area. 


possible. Because of these properties of the correlation function, correlations are 
widely used in image and signal processing, and in automatic pattern recognition 
to measure the similarity between an unknown input image and a set of prestored 
template, or reference images. In fact, the so-called ‘matched filter’ widely used in 
signal and image processing is based on a Fourier-domain implementation of this 
idea. Because variations in the magnitude of i, (x) or i2(X), and measurement noise 
corruption could change the maximum value of (Ax), a normalized version of 
T'(Ax) is generally used in practice. This normalized version is given in continuous 
space by equation (2): 


f PXiy(X)in(X + AX) 


A) = 
ee Tf eH D! x [ERA] 


(2) 
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so that when i2(X) = i,(x — Ax;), y(AxX) takes its maximum value of unity at the 
shift Ax = Ax. Real digital images, such as the AFM images discussed here, are 
discretely sampled in space, and exist only on a defined set of two-dimensional 
points in an image. The represention of the discrete image corresponding to 
the continuous image i;(x) with the notation i,(m,n), where (m,n) is a two- 
dimensional location in the image array, and the discrete version of i.(x) are defined 
similarly. The discrete, normalized correlation of two images i;(m, n) and i2(m,n) 
is defined similarly to the continuous normalized correlation given in equation (2), 
and is given by equation (3): 


>) ip(m, n)iz(m + Am,n + An) 


mn 


y(Am, An) = 7" —________, 
bs Gm, n) Px Xo God, m?| 


(3) 


where (Am, An) is the discrete shift. In the case of AFM images, it is in 
practice very difficult to reproduce the same reference plane from measurement 
to measurement. The result is that if a sample is measured with the AFM, 
removed from the AFM, and then reinserted and remeasured, then i, (x) and i2(x) 
would generally differ from each other by a small constant. A specialized form 
of y(Am, An) is computed in this case by using spatial mean-removed versions 
of i;(m,n) and iz(m,n) in equation (3), where the mean-removed versions are 
represented by ij"(m,n) and ij"(m,n), respectively. Hence, the actual form of 
the normalized discrete correlation used here is obtained by substituting ij"(m, n) 
and i3"(m, n) for i;(m, n) and i2(m, n) in equation (3). 

In implementing a practical calculation of y(Am, An) care must be taken to 
account for the fact that if i"(m,n) has N; x M, pixels, and iS"(m,n) has 
Nz X Mp pixels, then y(Am, An) has (N; + No —1) x (M, + M2 — 1) pixels. 
Approaches for managing this problem typically involve zero-padding the data into 
a larger array or, as done here, selecting subframes of the original data to process, 
and restricting the range of shifts examined. Henceforth, only with the discrete 
normalized correlation y(Am, An) is considered. 

The image processing algorithm described in the next section is based on the 
assumption that on a small spatial scale the surface elements of the polymer sample 
simply move as a result of the applied stress, and do not change significantly in 
any other way. This assumption allows an algorithm to be developed which seeks 
the ‘new’ location of the surface element in the image taken after the stress was 
applied. The new location of the surface element is estimated using a processing 
technique based on the discrete normalized correlation given in equation (3). With 
these preliminaries, the algorithm is now described in detail. 
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2.4. Algorithm description 


The algorithm for detecting the stress-induced displacements of polymer surfaces 
using automatic computer processing of pairs of AFM images has six steps, which 
are given below: 

(1) Measure a reference image ip (x) of the region of the sample which is of interest. 

(2) Apply a mechanical stress to the polymer, and measure the deformed image, 
ip(x). The goal is to have ig(x) and ip(x) coincide spatially to the largest 
extent possible, though perfect realization of this goal is impossible in practice. 

(3) Calculate y” (Ax) for the whole images ip (x) and ip(x) and search the resulting 
array for the shift Axp which maximizes y”(Ax). The shift Axp corresponds 
to the macroscopic misregistration of the regions of interest in ig(x) and ip(x) 
resulting from the inability to perfectly select the exact same regions in the 
reference and deformed images. 

(4) Macroscopic registration is accomplished by shifting the image ip(x) by the 
amount —Axp, and selecting the overlapping portions of both images. 

(5) Finally, the reference image ig(x) is separated into a number of small, non- 
overlapping regions, and the discrete, normalized correlation is computed for 
each of the possible shifts in a larger search region within ip(x). The search 
region is generally centered on the location of the subregion extracted from 
ign(x). The shift which maximizes y”(Ax) is taken as the stress-induced 
displacement of the surface element in ig(x) being processed. 

(6) Relevant information is stored for quantitative analysis and presented for 
visualization. 


3. RESULTS 


Table 1 shows the experimental configurations used to load the samples and to 
record the images for the three experimental load configurations. 


Table 1. 


Load configuration Simple tension Tension with stress Crack propagation 
concentration 

Resin system Units Rubber toughened Unmodified epoxy Rubber toughened 
epoxy epoxy 

Applied load N 3 

Calculated stress MPa 8.6 S27 

Crosshead movement mm 0.38 <0.5 

Calculated strain % 0.016 

Image size pixels 50 x 50 20 x 20 50 x 50 

Resolution pixels 300 300 300 

Test area pixels 10 x 10 10 x 10 10 x 10 


Search range pixels +10 +10 +10 
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Figure 4, Calculated displacements for a tensile sample with stress concentration superimposed on 
the image of the unstressed sample. Tensile loading was applied in the horizontal direction. The area 
imaged is such that the edge of the hole cannot be seen but the general direction is to the top-right 
corner of the image. A dust particle obscures part of the image. 


In the first example, the specimen is loaded in simple tension. Figure 2 shows the 
X,Y displacements resulting from processing this pair of images and Fig. 3 shows 
the detail computer output image corresponding to Fig. 2. The surface deformations 
found for the second load case, i.e. for the tensile sample with a stress concentration, 
are shown in Fig. 4 and those for the third example, the cracked sample, are shown in 
Fig. 5. For the first two examples, the displacements in the Z-direction are observed 
to be uniform over the sample and no significant change in the deformation can be 
detected. In the third case, the variation of the Z displacement over the image is 
significant and Fig. 6 shows a representation of the Z displacement data. 
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Figure 5. Calculated displacements for a cracked sample superimposed on the image of the unstressed 
sample. The tip of the crack can be seen in the top, center of the image. The tensile load causing the 
crack to propagate is applied in the horizontal direction. 


4. DISCUSSION 
4.1. Interpretation of the displacements 


Interpretation of the surface displacements can be difficult. The process of 
developing the images has caused a considerable amount of averaging of the data 
in an effort to reduce the effect of misalignment of the two images, curvature due 
to the geometry of the movement of the cantilever (which is constrained to move in 
an arc) and massive movements of the sample during loading and unloading. This 
means that the X and Y displacements are referred to an arbitrary zero. 
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Figure 6. A three-dimensional representation of the Z-displacement data for the cracked sample. The 
image is rotated 180° compared to Fig. 5. The X and Y coordinates are the test area numbers (thirty 
areas represents 50 wm). The Z coordinate is in nm. The crack tip can be seen in the center of the 
front edge of the image. A large Z displacement associated with the crack tip can be seen. 


4.1.1. Tensile/compressive and shear strains. The in-plane displacements can 
be converted to relative strains by differentiating the displacements: 


Ou 
LA RA 4 
é an (4) 
dv 
=—y, 5 
cai, (5) 
du av 
MN aa ints 2 6 
Ex,y dy | Ox (6) 


where €, and €, are the tensile components of the deformation in the X (column) and 
Y (row) directions and ¢€,,, is the shear strain in the X, Y (image) plane and u is the 
X displacement in the load (X) or column direction and v is the displacement in the 
Y or row direction. For the present experiments the deformation appears uniform 
between pixels and the differential terms can be replaced by discrete differences 
between adjacent cells in the matrix. If the displacement vectors, shown by arrows 
in Figs 2, 4, and 5, vary in a uniform way across the surface of the sample, as may 


Surface deformation measurements in polymeric systems 745 


i0 + Tensile/compressive displacement in the Y-direction 


Displacement in jam 
& 
T 


0 5 10 15 20 25 30 35 40 45 


Y-coordinate in zm 


Figure 7. The tensile/compressive displacements plotted as a function of the Y coordinate of the 
image for each horizontal row of image areas. Data for successive traverses across the image are 
displaced by five pixels (approximately 0.15 ym) vertically. Linear regression lines for each traverse 
are shown. The local strain can be obtained by differentiating the displacements so the average strain 
across the sample is the slope of the regression line. Data are from the tensile sample for which the 
displacement data are shown in Fig. 2. 


be seen in Figs 2 and 4, the data can be interpreted in terms of a uniform strain in the 
sample. This may be found by fitting a least squares regression line to the calculated 
deformation estimates on a column by column or row by row basis. The slopes of 
these regression lines are then estimates of the mean strains in each column or row 
according to equations (4)—(6). Figure 7 shows variation of the Y-displacement 
data plotted as a function of the Y coordinate of the test area in the original image. 
Regression lines have been fitted to each. It can be seen that the Y-displacement 
data can be described as linear in the Y-coordinate and the slope is an estimate of 
the strain in the Y-direction. Similar plots as suggested by equations (5) and (6) also 
show similar linear displacements and Fig. 8 shows estimates of the strain in the X 
and Y directions and the two components of the shear strain as a function of the row 
or column number for which they were obtained. It can be seen that the strain in 
the X-direction is constant, as a function of the column number, with a mean value 
of 0.039 um/jzm, that the stain in the Y-direction is constant, as a function of row 
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Figure 8. The average strain as estimated from the slope of the regression lines shown in Fig. 7 and 
for similar plots for the tensile displacements and the shear displacement components plotted as a 
function of the row or column coordinates for which they were measured. Data are from the tensile 
sample for which the displacement data are shown in Fig. 2. 


number, with a mean value of —0.02 4m/m and that both shear components are 
equal to zero. 

For the second example, a similar analysis shows that the tensile stress is 
apparently low and significant shear strains are observed but that the strains are not 
uniform across the sample. A more complex analysis would be needed to describe 
the distribution of strain across the sample surface quantitatively. Analysis of the 
data for the third example will be the subject of a subsequent publication. The 
strains vary across the sample in a complex way perhaps indicating the presence of 
complex geometry associated with crack propagation as is seen in similar studies in 
metallic samples [5]. 


4,2. Out-of-plane data 


The best estimate for the Z displacement is found from the difference in mean values 
of all points in the matrix representing the test area from the first image with the 
mean values of all points in the matrix representing the registered area in the second 
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image. This procedure is complicated by the image handling prior to analysis. 
Most images are smoothed using a general quadratic expression to produce images 
with features defined in a similar way in both images and to remove the apparent 
curvature introduced by the way in which the scan head is moved in an are during 
image capture. In most examples, any Z displacement which also has a form which 
may be described as a power-law expression in X and Y will be removed or modified 
by the smoothing program. If this is not done, the images will reflect global height 
changes caused by slight rotations of the sample during imaging. Significant Z 
displacements will only be observed if they vary over an area significantly smaller 
than the overall image. Further studies will be needed to derive displacements in 
the Z-direction for samples with uniform deformation across the sample such as in 
the samples with a tensile load and with a stress concentration. 

Inspection of Fig. 5 shows that the deformation seen in the system with a crack 
is not uniform. Around the crack tip, the local components of the displacements 
are high but away from the tip they are low. As the displacements are not uniform, 
it is not statistically valid, in this case, to calculate the mean strains from a linear 
displacement model. However, for this system the Z-displacement is also non- 
uniform and displacements in local areas are high as seen in Fig. 6. One side of the 
crack tip has been displaced in the Z-direction compared to the other side. In the 
image some significant displacement can be seen toward the top-right corner of the 
image. This could be caused by a local deformation such as a shear-band near the 
surface of the sample. 


5. CONCLUSIONS 


This report has shown some success in development of a process to calculate 
displacements and strains from atomic force microscope images. The samples 
studied showed that the displacements and strains determined were consistent 
with bulk deformation analysis for these simple samples at the relatively low 
magnifications used in this study. 
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Abstract—The interfacial region in an epoxy—aluminum joint has been investigated using a nano- 
indenter and an atomic force microscope (AFM). The stiffening effect in a soft layer resulting from 
the restriction of the neighboring harder phase was studied. It is proposed that the region where 
the indent in the softer material is modified by the harder material can be used to define the indent 
affected zone (IAZ). The results showed that IAZ was larger than the size of the contact impression 
of the indentation and increased with increasing indent depth. 


Keywords: Adhesive; interphase; nano-indenter; AFM. 


1. INTRODUCTION 


It is well accepted that the properties of the interfacial region between two bonded 
materials have a significant influence on the behavior and performance of the 
material system. The term ‘interphase’ was first introduced by Sharpe [1] to 
describe the transition region between the adhesive and the adherend in adhesive 
joints and between the fiber and the matrix in composites. The interphase includes 
the two-dimensional interface zone [2] and the three-dimensional transition region, 
which is usually non-uniform, contains a property gradient and has an ill-defined 
boundary [3]. 

Attempts have been made to develop techniques to characterize the interphase 
region in bonded material systems [4, 5]. Techniques, such as atomic force 
microscopy (AFM), micro-indention, and dynamic mechanical analysis (DMA) 
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have been used to study the properties of the interphase. Techniques, such as 
X-ray photoelectron spectroscopy (XPS), secondary ion mass spectrometry (SIMS), 
and Auger electron spectroscopy (AES), are generally used to study the chemical 
constitution of the interphase. 

The details of the properties and nature of the interphase remain a concern 
although many studies have been reported. The relatively small size of the 
interphase and the difficulty of analyzing stresses and strains in the region have 
hindered development of adequate models for the interphase [6, 7]. 

The micro-indentation test is a method used for the estimation and mapping of 
the mechanical properties, including modulus and hardness, on a sub-micrometer 
scale. Nano- and micro-indenters have been developed to measure load and 
displacement as an indenter is forced into the surface of a material. The indentation 
load—displacement data obtained can be used to calculate the mechanical properties 
of the material tested using different models. Williams et al. [6] have used a nano- 
indenter to measure the modulus near the fiber in an epoxy/graphite composite. 
The results suggested that the modulus of the material surrounding the fiber was 
affected by two competing phenomena: a chemical and a mechanical effect. The 
latter is caused by the presence of the stiff fiber adjacent to the soft material, which 
contributes to the measurement of an apparent high modulus. 

AFM is used as a nanoscale profilometer for measuring the topography of 
materials through interaction of the probe and the sample surface. AFM instruments 
have also been used as nano-indenters to map hardness and modulus on a nanoscale. 
In one such study, VanLandingham et al. [7] studied the interphase between fibers 
and an epoxy matrix in composite systems using AFM indentation as a function 
of temperature. They suggested that the stiffening effect caused by the restriction 
imposed by the fiber on the adjacent matrix material would limit the capabilities 
of this technique for measuring the interphase properties directly. However, their 
studies showed that this technique was effective in evaluating such a system 
provided that the moduli of the two materials were similar. 

Downing et al. [8] reported studies on glass fiber—epoxy systems using a nano- 
indenter. Their results indicated that the high modulus fiber had a direct effect on 
the measurement of the properties of the interphase. They concluded that nano- 
indentation was not an effective method for measuring actual interphase properties. 
They recommended using phase imaging AFM for the study of the interphase. 

Kim et al. [9] used a nano-indenter to study the interphase in silane treated glass 
fiber—epoxy composites. They reported finding a gradient in the modulus measured 
by their instrument between the fiber and the bulk matrix. They suggested that this 
gradient reflected properties of the interphase and that the size of the interphase 
could be estimated by directly measuring the distance between the low and high 
plateau moduli in the curve of modulus as a function of the indent position. 

To date, most studies have concentrated on fiber—matrix systems. Little attention 
has been given to the interphase in metal bonded systems. Bentadjine ef al. [10] 
reported studies on interphase formation using an epoxy diamine adhesive and an 
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aluminum substrate. They found that the glass transition temperature (7) of the 
adhesive depended on the thickness of the adhesive layer. They suggested this was 
due to reaction of the adhesive with the hydrated metallic oxide layer and that this 
resulted in the formation of the interphase in their system. 

In this investigation, a nano-indenter and AFM were used to study the interphase 
in epoxy—aluminum joints. The aim was to develop a technique to determine the 
magnitude of the mechanical interaction between the adherend and the adhesive and 
to understand the nature of the interphase in a typical bonded material system. 


2. EXPERIMENTAL 
2.1. Materials 


The resin used in this work was an epoxy resin (DER-331, supplied by Dow Chem- 
ical Company) cured with an amine terminated poly(propylene glycol) (Jeffamine 
D230, supplied by Texaco Co.). The resin and the curing agent were mixed in a 
stoichiometric ratio and the mixture was stirred thoroughly and then placed in an 
ultrasonic vibration bath for three minutes to ensure complete mixing. The mixture 
was centrifuged to eliminate air bubbles [11]. The aluminum used was an unidenti- 
fied commercial aluminum alloy (Steel Works Inc., Denver, CO, USA) in the form 
of 75 mm x 25 mm x 3 mm strips. The aluminum strips were degreased using 
acetone, and polished by using a sequence of alumina slurries with the sizes from 5 
to 0.05 zm. This gave a surface roughness of approximately 50 nm as determined 
from an AFM topographic image. After polishing, the strips were degreased again 
using acetone. Two aluminum strips were bonded using the adhesive and copper 
shims to control the adhesive thickness. The adhesive thickness of the sample was 
0.30 mm. Samples were cured at 80 + 2°C for 2 h. After cure, the samples were 
cut using a Buehler low-speed diamond sectioning saw, to obtain thin sections of 
the bonded system. Samples were approximately 10 mm thick and 25 mm long. 
The cut surfaces containing the bond were then polished using the same proce- 
dures as before to ensure that the surface of the section was smooth with a surface 
roughness about 50 nm as measured using the AFM in imaging mode. Tabor [12] 
has suggested that the roughness of the surface of the sample has no effect on the 
result if the indentation depths are much greater than the surface roughness. For 
small indentations, however, such as in the present work, the surface roughness of 
the sample can be critical to the quantitative measurement of properties, because 
roughness affects the contact area in a variety of ways [13]. 

Reference marks were scribed across the specimen to easily locate the images 
both in the indenter as well as in the AFM. 


2.2. Indentation measurements 


Indentation was performed using a Nano-indenter XP (MTS Systems Corporation). 
The resolution in measuring the load and indenter displacement with the standard 
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Figure 1. The profile of the conical tip used in the nano-indenter. 


XP head is 50 nN and 0.01 nm, respectively [14, 15]. A conical tip with the profile 
shown as Fig. 1 was used (this profile was obtained from the SEM image supplied 
by the manufacturer). 

For each test, indents were made from the bulk aluminum into the bulk adhesive. 
The indenter was programmed to carry out a large number of indents (typically 
150) to a controlled depth and indentation rate, each indent being separated by a 
constant distance which was selected depending on the indent depth. The deeper 
the indentation, the larger the area affected by the indent, and hence the larger the 
spacing required to avoid interference between adjacent indents. For 600 nm depth 
indentation used in this paper, a 3.6-j4m space was adopted. In order to make more 
indentations in the region of interest, indentations were made across the interface at 
an angle of about 85° and several rows of indentations were made for each sample. 


2.3. Image acquisition 


Contact mode AFM was used to image the topography of the sample surface. 
Images were acquired as soon as possible after completion of the indentation run 
to minimize recovery due to relaxation. The images were obtained with a 100- 
jzm scan range at a scan rate of 50 uwm/s with a nominal contact force of 0.0 mN. 
The resolution was set to 300 pixels per side. An image of a series of indents 
across an aluminum-—epoxy interphase obtained by the AFM is shown in Fig. 2. 
The AFM image was used to determine the distance of each indent from the 
aluminum/epoxy interface and to determine the profile of the indent. In order to 
increase precision, the Topometrix software was used to zoom into each indent to 
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Figure 2. An AFM micrograph of a part of a series of indents near the interface. The left is the 


aluminum phase and right is the epoxy phase. The vertical line in the image is the interface between 
the two phases and the angle of the indents relative to the interface is about 85°. 


produce a topographical image as shown in Fig. 3. A profile was measured along a 
line through the center of the indent, normal to the apparent interface. Such a profile 


is shown in Fig. 4. 


3. RESULTS 
3.1. Measurement of the distance from the indent to the interface 


The distance of the indents from the interface was measured, initially, using indent 
profiles such as shown in Fig. 4. The edge here was first defined as the point where 
the Z-profile showed an appreciable change from the average profile across the 
aluminum. This point is labeled as ‘Interface’ in Fig. 4. This point is not a precise 
definition of the position of the interface because the height change between the 
aluminum and the epoxy adhesive is an artifact of the polishing method. A more 
precise definition of the position of the interface was obtained by examination of 
the variation of apparent modulus, as defined in the nano-indenter software, as 
a function of indent depth. This estimate of the elastic modulus is obtained by 
superimposing a sinusoidal oscillating force on the load applied by the indenter. 
The amplitude of this oscillating force is small enough that it does not affect the 
deformation process significantly. The displacement resulting from the oscillating 
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Figure 3. AFM topography of an indent in the adhesive near the epoxy/aluminum interface shown 
in Fig. 2. 
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Figure 4. Profile of the indent in the adhesive shown in Fig. 3. 


force is also sinusoidal in nature but out of phase with the force. The phase and 
amplitude of the displacement response are then used to evaluate the materials’ 
properties. Further details are given in Ref. [14]. Figure 5 shows the variation of 
apparent modulus at a specified indent depth as a function of the apparent distance 
from the interface, as defined above. It can be seen that all the curves for the 
apparent modulus crossover at one point at about —0.2 wm on the X-axis. For 
indents in the aluminum, close to the interface, as the indent depth increases, the 
load carried by the aluminum is transferred to the softer resin. This causes the 
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Figure 5. Variation of the apparent modulus with the distance from the interface for indents at fixed 
depth. The depths are indicated in the inset box. 


apparent modulus to decrease. Similarly, an indent in the resin near the interface 
shows an apparent increase in modulus as load is transferred increasingly to the 
aluminum. It is observed that modulus vs distance plots for difference indentation 
depths intersect at a common point. For all the data used in this work, the distance 
from the interface is calculated by subtracting 0.2 zm from the apparent interface 
distance as defined from the image profile. 

As the indenter was forced into the surfaces of materials studied, the load—dis- 
placement relationships were recorded. Such data can be used to determine 
mechanical properties. The two mechanical properties most frequently measured 
are the elastic modulus and the hardness. Different analysis techniques have been 
proposed for determining the modulus and hardness. With the method proposed 
by Oliver and Pharr [14], the modulus can be measured to within 5%. However, 
none of the present methods considers the effects of non-homogeneous materials. 
A load—displacement curve for an indentation in the adhesive phase is shown in 
Fig. 6. 

During indentations in materials containing more than one phase, it is not yet 
possible to determine the modulus or hardness of either material. Two factors inhibit 
the interpretation of load/displacement curves in terms of mechanical properties of 
the materials under test. The relative load carried by each phase is unknown and 
must be determined based on a model for the system. In addition, the load is largely 
carried by the stiffer component and this makes it very difficult to identify small 
variations in the softer component. Any model for the system under test will need 
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Figure 6. A load—displacement curve showing the displacement during loading and unloading for a 
typical indentation in the adhesive phase. The hold time is not measured but was typically about 60 s. 


to know the area under the indenter. This requires an accurate knowledge of the 
tip profile. However, profiles of the indents such as shown in Fig. 4 suggest that 
plastic deformation has caused the formation of a raised lip around the indent which 
increases the actual area under load by an indeterminate amount. In view of these 
problems, we limit our discussion of the deformation process to the experimental 
load and indentation depths as indicated by the nano-indenter software. 


3.2. Determination of the dimensions of the indent affected zone 


The problems of interpretation of the relationship between indentation load and 
depth for homogeneous materials have been reviewed [16, 17]. Two extreme models 
have been postulated to describe the plastic flow of materials during indentation. 
In the first, the material which is displaced by the volume of the indenter flows 
in a direction roughly normal to the indention direction at essentially constant 
volume. In the second, material flow is basically in the same direction as the 
indenter movement and the volume is absorbed by compressive yielding under the 
indenter. In the present experiments, all indents in the aluminum, the epoxy, or near 
the interface showed the presence of a lip of the material surrounding the indent as 
shown in Fig. 4. We interpret this as suggesting that the first model predominates 
during our experiments. Our analysis of the indent process, for this work, looks 
at the surface effects around the indent and does not give information concerning 
the effects of the indent on material below the indenter. In particular, we address 
the problem of experimentally determining how far from the indenter can a separate 
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Figure 7. Typical load—displacement curves for indentations in the bulk aluminum, in the adhesive 
and near the interface. 


phase be and not affect the indentation process. We call this zone the indent affected 
zone (IAZ). As the indenter we use is conical we will associate the radius of the 
indentor at the substrate surface with the radius of the surface projection of the IAZ 
(Riaz). 

The material will flow as the indenter is forced into the material [18]. The region 
affected by the indentation is not just the size of the contact impression but is larger 
due to plastic yielding in the surrounding area. Two major effects may influence 
the load vs indent depth response during an indentation in the adhesive near the 
interface. If the distance between the center of the indenter and the relatively rigid 
adherend were small compared to the maximum indenter radius, the indenter would 
also come in contact with the adherend as the indentation depth increased. When 
contact with the adherend occurs, then a sharp increase in the slope of the load vs 
indent depth plot is expected. A similar behavior occurs even if the indenter in the 
close proximity of the interface does not come in contact with the adherend, but 
stiffening occurs due to the interaction of the plastic zone around the indenter with 
the adherend. Figure 7 shows load—depth curves for indents in the aluminum, in 
the epoxy adhesive well away from the interface and an indent in the adhesive 660 
nm from the interface. It can be seen that there is no abrupt change in the slope of 
the indent curve anywhere on the curve, which could be taken as an indication of 
the start of the surface projection of the IAZ. 

A clearer indication of the point at which the interface first has an effect on 
the indentation process is seen in the load—indentation curves. The nano-indenter 
software supplies a curve of indent load as a function of indent depth, as shown 
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in Fig. 7. We redraw these curves to show the load at a selected indent depth as 
a function of the nominal distance from the interface. Figure 8 shows a series 
of such curves. For each selected indent depth, the load at the selected depth is 
approximately constant when the indent is carried out in the adhesive at a point 
remote from the interface. As the interface is approached, at some critical distance, 
the load at the selected depth starts to increase. We suggest using this critical 
distance to define the surface radius of the IAZ. Figure 9 shows the determination of 
the critical distance from the interface. For points remote from the interface, we fit a 
line parallel to the X-axis. For points closer to the interface, we fit a linear curve to 
define the general shape of the indentation curve. The critical distance is given by 
the intersection of these constructed lines. Figure 10 shows estimates of the critical 
distance (IAZ) as a function of the indent depth and Fig. 11 shows the IAZ as a 
function of the projected radius of the indenter tip as estimated using Fig. 1. It can 
be seen that the critical distance depends on the indent depth and increases with 
indent depth. In order to determine reproducibility, we repolished the surface and 
repeated the test. Both runs are included in Figs 10 and 11. 

From Fig. 8, it can be seen that the data with indent depth 50 nm or less are 
scattered and show no obvious gradient, which prevents estimation of the critical 
point. This is due to such factors as the surface roughness and variation in the shape 
of the tip. This result agrees with Baker’s conclusion that ‘quantitative interpretation 
of the data becomes rapidly more difficult for indentations below about 100 nm deep 
(loads of about 1 mN)’ [13]. 
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Figure 8. Variation of the load at constant indent depth with distance from the interface. The depths 
are indicated in the inset box. 
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Figure 9, Illustration of the process for determining the position of the edge of the indent affected 
zone. Two straight lines are drawn through the data near to the interface and remote from the interface 
and the intersection is taken to define the edge of the indent affected zone. The data shown are at an 
indentation depth of 400 nm. 
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Figure 10. The critical distance as a function of the indent depth. 
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Figure 11. Variation of the surface radius of the indent affected zone (IAZ) as a function of the 
projected radius of the indentor. 
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Figure 12. A plot of the difference between the surface radius of the IAZ and the projected tip radius 
as a function of indent depth. 
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Previous workers [9] have suggested that curves such as these indicate the 
presence of an interphase. We disagree with this interpretation and we suggest that 
this is a natural effect of the interaction of the tip and the interface. It is possible 
that information could be extracted from the way the critical distance varies with 
the distance from the interface. Figure 12 shows a plot of the difference between 
surface radius of the IAZ and the tip radius at the surface. As can be seen, the curve 
is always positive showing that the IAZ is always larger than the radius of the tip 
at the surface. This suggests that the appropriate model for the indentations should 
include a significant amount of plastic flow. Two curves are shown to illustrate the 
variability between runs. The sample was repolished between runs. 

It can be seen that the JAZ is generally greater than the tip area at the surface. This 
is consistent with previous observations that considerable plastic flow is occurring 
beyond the tip area. It can be seen from Fig. 12, however, that the difference 
between the IAZ radius and the projected radius is decreasing for larger indents. 
It is not clear why this should be so. 


3.3. Profiles of indents and indenter tip 


As the indenter is being forced into the surface of a material, the displacement of 
the indenter causes both elastic and plastic deformations in the indented material. 
On the assumption that the elastic deformation can be totally recovered and the 
plastic deformation is permanent, only the latter will be left after the indenter is 
unloaded. By measuring the shape of the residual indent in comparison with that 
of the indenter tip, the plastic deformation can be estimated and hence the elastic 
deformation can be determined. For dissimilar materials, it can be expected that the 
ratios of the elastic and plastic deformations should be different. Actually, this ratio 
will vary with the indent depth. But there will be no problem for comparing and 
analyzing the ratios of different materials if the same indent depth is used. 

The profiles of the indents at different locations of the systems studied are shown 
in Fig. 13, with indents in the bulk Al and epoxy phases and an indent just in the 
interfacial region. 

The reason for the asymmetry of the profile of indent in the interfacial region 
is related to the relative moduli and elastic properties of the aluminum and epoxy 
materials. The aluminum shows very little elastic recovery (20%), but the epoxy 
shows a much larger elastic recovery (60%). Deformation recovery in the epoxy 
near the aluminum is lower and is restricted by the aluminum, which has a much 
higher modulus than the epoxy. Further from the actual aluminum/epoxy interface, 
the effect of the aluminum is reduced until a point at which the influence of the 
aluminum is no longer detectable. In Fig. 13, it can be seen that the actual interface 
is at about 150 nm from the center of the indent position. The epoxy near the 
interface recovers to the same extent as the bulk material at about 640 nm far from 
the interface. This suggests that the range over which the aluminum affects the 
epoxy during elastic recovery is about 490 nm. The difference in the maximum 
deformations in aluminum and epoxy is about 210 nm. From Fig. 12, we see that 
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Figure 13. Plots of three indent profiles in the aluminum, the epoxy and near the interface compared 
to the tip profile, determined to an indentation depth of 600 nm. The aluminum phase is to the left 
side of the plot. 


for an indent depth of 210 nm, the difference between the indentation affected zone 
and projected radius of the indenter should be about 420 nm which is similar to the 
490 nm zone estimated from the recovery profile. 

From Fig. 13, it can also be seen that the diameter of the plastic deformation in the 
sample surface formed by the indentation using the conical tip is almost the same 
as the tip profile at that depth. This suggests that in the surface plane, the elastic 
recovery was quite small. 


4. CONCLUSIONS 


A method employing a nano-indenter and an AFM for the characterization of the 
interface/interphase in epoxy—aluminum bond has been presented in this paper. 
The method used has been shown to be effective in studying the mechanical 
properties of the interphase region on a sub-micrometer scale. We report a process 
for determining the distance from the indenter at which the effect of the indentation 
can just be detected which we define as the border of the indent affected zone 
(IAZ). The IAZ is significantly larger than the surface radius of the indenter, and 
it increases with the indent depth, which suggests that considerable plastic flow is 
occurring during the indentation process. For our system, the initial results suggest 
that the difference between the surface radius of the IAZ and the surface radius of 
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the indenter is greater nearer the interface than further away which may indicate the 
presence of an interphase. 

The profiles of the indents in the bulk phases and very near the interface also 
indicate that the IAZ is larger than the indenter radius. The magnitude of this effect 
is of the same order as that obtained from the load—displacement data. 


Acknowledgements 


The authors wish to gratefully acknowledge funding for the purchase of the atomic 
force microscope from the US Army through Grant DAAG55-97-1-0084 and for the 
purchase of the nano-indentor from the National Science Foundation through Grant 
CMS-9977462. 


REFERENCES 
1, L. H. Sharpe, J. Adhesion 4, 51 (1972). 
2. P. J. Herrera-Franco and L. T. Drzal, Composites 23, 2-27 (1992). 
3. J. G. Williams, M. R. James and W. L. Morris, Composites 25, 757-762 (1993). 
4, K. Jayaraman, K. L. Reifsnider and R. E. Swain, Composite Technol. Res. 15, 3-13 (1993), 
5. B. K. Fink and R. L. McCullough, Composites: Part A 30, 1-2 (1999). 
6. J.G, Williams, M. E. Donnellan, M. R. James and W. L. Morris, Mater. Sci. Eng. A 126, 305-312 


(1990). 
7, M. R. VanLandingham, R. R. Dagastine, R. F. Eduljee, R. L. McCullough and J. W. Gillespie, 
Jr., Composites: Part A 30, 75-83 (1999). 
8. T. D. Downing, R. Kumar, W. M. Cross, L. Kjerengtroen and J. J. Kellar, J. Adhesion Sci. 
Technol. 14, 1801-1812 (2000). 
9. J. K. Kim, M. L. Sham and J. Wu, Composites: Part A 32, 607-618 (2001). 
10. S. Bentadjine, A. A. Roche and J. Bouchet, in: Adhesion Aspects of Thin Films, K. L. Mittal 
(Ed.), Vol. 1, pp. 239-260. VSP, Zeist, The Netherlands (2001). 
11. J.P. Bell, J. Appl. Polym. Sci. 27, 3503-3511 (1982). 
12. D. Tabor, The Hardness of Metals. Oxford University Press, Oxford (1951). 
13. S. P. Baker, Thin Solid Films 308-309, 289-296 (1997). 
14. W. C. Oliver and G. M. Pharr, J. Mater. Res. 7, 1564-1583 (1992). 
15. W. C. Oliver, MRS Bull. 11 (5), 15-19 (1986). 
16. H. E. Boyer, in: Hardness Testing, pp. 4-11. ASM Intl, Metals Park, OH (1987). 
17. D. Kramer, H. Huang, M. Kriese, J. Robach, J. Nelson, A. Wright, D. Bahr and W. W. Gerberich, 
Acta Materialia 47, 333-343 (1999). 
18. J. Woirgard and J.-C. Dargenton, J. Mater. Res. 12, 2455-2458 (1997). 


Atomic Force Microscopy in Adhesion Studies, pp. 765-776 
Eds J. Drelich and K.L. Mittal, VSP, Leiden-Boston 2005 


Interphase variation in silane-treated glass-fiber-reinforced 
epoxy composites 


C. GRISWOLD !*, W. M. CROSS !, L. KIERENGTROEN 

and J. J. KELLAR 37 

! Materials Engineering and Science Program, South Dakota School of Mines and Technology, 
501 E. St. Joseph Street, Rapid City, SD 57701, USA 

2 Department of Mechanical Engineering, South Dakota School of Mines and Technology, 
501 E. St. Joseph Street, Rapid City, SD 57701, USA 

3 Department of Materials and Metallurgical Engineering, South Dakota School of Mines and 
Technology, 501 E. St. Joseph Street, Rapid City, SD 57701, USA 


Abstract—The interphase region of an epoxy/glass fiber model composite was examined by atomic 
force microscopy phase imaging (AFM-PI) and nanoindentation. The interphase thickness was 
determined by AFM-PI as a function of y-aminopropy] silane coupling agent concentration. With no 
silane, no measurable interphase was observed. With adsorption from 5 wt% solution, the observed 
interphase was 888 + 30.3 nm thick. Coupling agent adsorption was also performed from 0.1, 1 and 
3 wt% silane solutions. The interphase thickness was found to increase with increasing silane solution 
concentration from 110 to 210 to 375 nm, respectively. Nanoindentation of these same interphases 
showed that only the 3 wt% and 5 wt% interphases were sufficiently thick enough to not include a 
significant fiber bias effect. For these two interphases, the indentation depths in the interphase were 
8.3% and 42% greater, respectively, than the indentation depth in the matrix. 


Keywords: Phase imaging; nanoindentation; polymer matrix composite; interphase; silane-coupling 
agent. 


1. INTRODUCTION 


The interphase in polymer matrix composite (PMC) materials was postulated in 
the mid-1970s by Sharpe [1] and has received considerable research attention over 
the past 15-20 years [2-21]. The interphase region is thought to be extremely 
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important to PMCs due to its position between the bulk reinforcing fiber and the 
bulk matrix, and is critical for the transfer of load between the matrix and fiber. The 
size, properties and effects of the interphase are, in general, quite system-dependent. 
For instance, interphases between 3 nm and 3 ym in thickness, and both more or 
less stiff than the surrounding matrix have been found in different systems [12]. 

In this work, the interphase in a glass-fiber epoxy system has been studied by a 
combined atomic force microscopy phase imaging (AFM-PI) and nanoindentation 
approach. The primary goal was to determine the effect of different levels of silane 
coupling agent surface treatment on the interphase formed. In order to determine 
these effects, y-aminopropyltrimethoxysilane (APS) was adsorbed onto glass fibers 
from 0, 0.1, 1.0, 3.0 and 5.0 wt% aqueous solutions. The surface-treated fibers 
were then embedded into a Hysol 608® polymer matrix and prepared for subsequent 
interphase analysis. 


2. EXPERIMENTAL 


The experimental procedures followed are described below and can be divided into 
two primary areas: composite fabrication and AFM sample preparation. 


2.1. Composite fabrication 


To fabricate the composite samples, three steps were needed: fiber cleaning, silane 
adsorption and fiber encasement. 


2.1.1, Fiber cleaning. Optical glass fibers (Dolan-Jenner, Lawrence, MA, USA) 
were used to create AFM samples [9, 10, 13, 19]. The fibers were first cleaned of 
surface contaminants. Surface contaminants may include any debris from handling 
the fibers, but, most often, the main contaminant on the fiber is a sizing. The 
sizing’s chemical make-up is usually proprietary, and it was removed, prior to silane 
coupling agent adsorption to obtain a known surface treatment. 

Fiber cleaning was accomplished by first cutting a group of fibers to a length 
of approximately 6 inches. This length of fiber was then placed in a radio- 
frequency, oxygen plasma asher (Plasma Prep II, SPI, West Chester, PA, USA) for 
approximately 24 h to remove the sizing. 


2.1.2. Silane adsorption. After the fibers were cleaned, approximately 200 fibers 
for each silane concentration used were selected. APS was adsorbed on the fibers 
from an aqueous solution at the natural pH of the APS solution. Next, fibers 
were placed in a drying oven at 100°C to drive off excess water and to promote 
polymerization of adsorbed silane layers. 


2.1.3. Fiber encasement in Hysol 608°. Once the fibers were removed from the 
drying oven, they were immediately encased in Hysol 608°. The two components 
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of Hysol 608®, resin and hardener, were mixed by weight percent in accordance 
with Loctite specifications and allowed to cure for 24 h [22]. 


2.2. AFM sample fabrication 


To obtain AFM phase imaging and nanoindentation results, three steps were 
followed: microtoming, phase imaging set-up and nanoindentation set-up. 


2.2.1. Microtoming. Effective study of the interphase region by high-resolution 
microscopy requires minimal height differences between the interphase, matrix and 
fiber regions. Optimally, the surface should be free of any debris and chemical and 
mechanical alterations. 

Conventional polishing techniques and chemical etching were rejected because 
they may cause physical or chemical alteration of the surface. Instead, microtoming 
was chosen as the method for preparing very flat samples. The microtoming method 
was chosen because little alteration of the surface should occur and minimal debris 
is left behind. Finally, microtoming yields very little surface height variation 
between composite constituents. 

Microtoming requires a surface that can be easily cut and one that corresponds 
to the width of the microtome blade; therefore, the procedure outlined by Micro 
Star Technologies to obtain suitable surfaces was followed [23]. The microtome 
process may leave some debris behind on the surface, such as fiber and matrix 
particles. Therefore, microtomed samples were cleaned for approximately 15 min 
in an ultrasonic bath with a 50/50 mixture of distilled water and isopropyl] alcohol. 


2.2.2. Phase imaging set-up. A Nano Scope Ila manufactured by Digital 
Instruments was used to implement phase imaging. After a Veeco NanoProbe 
(FESP) was inserted into the tip holder, tuning of the nano-probe was executed. 
The drive frequency, after tip-sample engagement, was corrected due to damping 
effects. This step ensures that the resulting phase shift of the phase signal shown 
during scanning is correct. Other parameters, such as the integral and proportional 
gains were optimized. Once scanning parameters were optimized, the area between 
the fiber and matrix was scanned. Light tapping was implemented first to view ‘true 
topography’ of an area. True topography describes an area that appears to have 
topography on scope mode, but will have no indication of phase shift on the phase 
imaging scope mode, as shown in Fig. 1. Once a suitable area was found, hard 
tapping was implemented to distinctly reveal the interphase. 

During light tapping mode extreme height variations were not observed between 
the interphase regions and the matrix material regions. However, height variations 
of approximately 20 nm between the fiber and interphase regions were observed. 
Consequently, steps were taken during scanning to eliminate artifacts. 

Phase imaging was performed in a multitude of directions with respect to the 
fiber. However, most scans were completed where the fast scan axis of the probe 
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Figure 1, Schematic representation of true topography in which the height image shows variation but 
the phase image does not. 


was perpendicular to the fiber surface (fiber—matrix interface), as the small area 
of fiber examined during AFM-PI generally showed a linear fiber surface. This 
allowed similar images to be collected for many samples. Because the scan axis 
was perpendicular to the fiber, jumping of the probe from fiber to interphase may 
occur if the scan rate was too high and, in turn, result in invalid measurements. 
Therefore, a slow scan rate, less than 1 Hz, was implemented to avoid erroneous 
measurements of the interphase due to skipping of the probe. 


2.2.3. Nanoindentation set-up. After the interphase region was located and its 
width determined by phase imaging, an AFM-based, diamond-tipped nanoindenter 
supplied by Digital Instruments was used to scan the regions in tapping mode. As 
the scan was generated, topography data were collected, which allowed an optimal 
region for indenting to be found. The best-suited region was chosen based on 
topography. Pits, voids, debris and, most importantly, debonding, could be seen 
on the microscope camera screen. Debonding appeared as a black ring around the 
fiber. Areas exhibiting these defects were avoided. Once the area was selected, 
light tapping was performed to analyze the area of interest with respect to true 
topography. 

Once the best-suited region for nanoindenting was found, this region was centered 
in the scanning window and the nanoindenting software initiated, in accordance 
with reference manual, Nano-indentation and Nano-scratching with SPMs for 
NanoScope Version 4.32 Software [24]. 
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Input parameters were adjusted until approximately 16 4N would be applied to 
the executed indents. The force was calculated from equation (1). 


N 
Force (NV) = Spring constant( ~) x Trigger threshold (V) 
m 


fgohos nm . ‘ 
x Sensitivity (“" x units conversion factor. (1) 


The force is a set parameter in this case, because the target for indenting was 
approximately 16 N. The spring constant was measured by Digital Instruments 
to be 199 N/m. The sensitivity factor was determined from performing calibration 
indents on an infinitely hard surface, such as sapphire, and collecting deflection 
data. The data was analyzed by methods described in Nano-indentation and Nano- 
scratching with SPMs for NanoScope Version 4.32 Software support note manual 
and the sensitivity factor was measured to be approximately 83 nm/V [24]. The units 
conversion factor provides a balance of units to the overall equation and its value 
is 1 x 10-° m/nm. Therefore, the only factor unknown was the trigger voltage, 
determined from equation (1), and its value was typically 1 to 1.2 V. 

By selecting the array mode, multiple indents could be made on a sample with 
the same parameters. This matrix style of indents was chosen because the probe 
would indent into the fiber, interphase and matrix within a short time span. Force— 
deflection curves were captured at the time of each indent, so analysis of the indents 
could be performed at a later time. Next, tapping mode was reinitiated to collect a 
topography image of the indents. This allowed for the verification of the placement 
of the indents. Figure 2 shows indents executed in a 10 x 5 array. Indent number 1 
is in the upper right-hand corner (62.5 nm), while indent 50 is in the lower left-hand 
corner (8.0 nm). 


3. RESULTS AND DISCUSSION 


Both phase imaging and nanoindentation were performed on all samples. However, 
after the interphase thickness was determined, several of the surface treatments gave 
interphases so thin that reliable nanoindentation results (i.e., those without a fiber 
bias effect [25]) could not be obtained. The phase imaging results will be given first, 
followed by the relevant nanoindentation results. 


3.1. Phase imaging results 


Figures 3-5 show representative images of the interphase region for 0, 1 and 3% 
silane surface treatments as revealed by AFM-PI. For all the samples studied, 
the interphase thickness was determined with at least 10 measurements on three 
different fibers to determine the statistical distribution of the interphase thickness. 
Table 1 contains the interphase thickness data. From Table 1, the interphase 
thickness clearly increases with increasing level of surface treatment. Furthermore, 
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Figure 2, Indentations in a 0.1% silane-treated sample by AFM phase imaging. The depth of each 
indent in nanometers is listed above each indent. The fiber is to the left, matrix to the right and the 
interphase is green. 


Table 1. 

Interphase thickness data summary 

Silane Resulting interphase mean width (nm) at 
95% confidence 

Zero 0 

0.1% y-APS 110+8.5 

1.0% y-APS 210+7.7 

3.0% y-APS 375 +9.7 

5.0% y-APS 888 + 30.3 


the coefficient of variation for the data sets in which an interphase was found are all 
less than 8% and usually less than 4%, showing the extremely good reproducibility 
of interphase measurements. 
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Figure 4. 1.0% APS silane phase image. 


In addition to the thickness measurement, AFM-PI can also give an indication 
whether the interphase region is more or less stiff than the surrounding matrix. 

In Figs 4 and 5 (phase images) an interphase region is clearly visible. The 
interphase regions are different in color, primarily for reasons of discernability 
between the different samples. A softer interphase alters the phase image by 
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Figure 5. 3.0% APS silane phase image. 


increasing the damping of the drive frequency of the probe, and thus, alters the 
phase difference by a certain degree. All of the interphase regions damped the drive 
frequency, which caused a shift in the phase data. The feedback controls of the 
AFM try to keep the probe at constant amplitude; therefore, a higher frequency, 
which corresponds to a higher energy, is needed to drive the probe. The shift to 
a higher frequency is observed on the phase data scope mode as a shift down of 
the line on the digital oscilloscope compared to the line of the matrix material. If 
the color scale is in its standard mode of 2 in software version 4.3213 for Nano 
Scope Illa, this shift is observed as a dark area. Therefore, all the interphase regions 
observed were softer than the surrounding matrix, as they appeared as darker areas 
or lower areas on the z scale compared to the bulk matrix. 


3.2. Nanoindentation results 


Figure 2 shows a representative sample of indents near a fiber with the correspond- 
ing indentation depths. Nanoindentation was performed on the 0%, 0.1% and 1.0% 
APS samples; however, the indents made into the area where the measured inter- 
phase was located contained fiber bias effects. This was most apparent in the 0% 
and 0.1% samples. For example, the 0% APS sample did not yield a clearly evi- 
dent interphase; therefore, the indents made near the fiber with a 16 wN load should 
have had the same penetration depth as those in the matrix. However, as the indents 
progressed near the fiber, this penetration depth decreased. This phenomenon is 
also apparent in the 0.1% and 1.0% APS samples that had a measurable interphase. 
The percent difference between the indentation depths in the interphase and matrix 
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of the 0.1% sample is —7.6%. Ultimately, this signifies that the softer interphase, 
as viewed by phase imaging, was manifesting as a stiffer body when mechanically 
analyzed by nanoindentation. This conclusion contradicted what was found previ- 
ously through phase imaging and is most likely due to fiber bias effects. The 1.0% 
APS sample yielded a percent difference of 6.6%. This positive value signifies 
that the interphase indents had a deeper penetration depth than those made into the 
matrix, and agrees with the qualitative measurements from AFM-PI. However, the 
interphase indents may have been compromised by fiber bias effects, similar to the 
effect found for the 0% and 0.1% APS samples. Also, prior work in our research 
group [25] showed that, for nanoindentation near glass fibers, there was a linear 
increase in the indentation modulus as a function of distance from the fiber surface. 
Extrapolating Kumar’s data [25] to 16 N indicates that fiber bias effects would 
decrease the indentation depth approximately 53% at 110 nm, 46% at 210 nm, 33% 
decrease for 375 nm and 17% decrease for 888 nm. 


3.2.1. 3.0% APS. The 10 x 5 arrays of indents that were executed under the 
16 N load produced an average penetration depth of 65 + 2 nm for the interphase 
region and 60 + 0.5 nm for the matrix area. Figure 6 shows the indents as average 
penetration depths for the 3.0% APS sample. 


3.2.2. 5.0% APS. A set of indents were performed on the 5.0% APS samples. 
The average penetration depth for a 16 jN load for the interphase was 60 + 10 nm. 
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Figure 6. Average penetration depths of the 3.0% APS indents. 
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The average penetration depth for the matrix material was 42 + 10 nm under the 
same load. Figure 7 shows the indents as average penetration depths for the 5.0% 
APS sample. 

Table 2 shows a summary of the nanoindentation data that was collected for the 
3.0% and 5.0% APS samples. An increase in differences between the penetration 
in the interphase versus penetration in the matrix occurs as the percent of silane is 
increased. In order to better comprehend the data, the interphase indent depths were 
‘normalized’ to the matrix indent depth. Using the estimation of bias effect given 
above [25], the interphase indent depths are estimated to be 62% (3 wt% silane) and 
72% (5 wt% silane) greater than the matrix indent depths and in good agreement 
with each other. While the matrix indent penetration depth should be the same 
for all the samples, this was, however, not the case and is attributed mostly due to 
variability in the AFM software such as deflection sensitivity, z-piezo travel, period 
of execution and sample surface differences. 

The findings presented here indicate that the width of the interphase is affected by 
the amount of silane bonded to the fiber. Greater amounts of silane were expected 
to yield larger interphase regions, because the higher solution concentrations of 
silane should result in more physisorbed material that could diffuse into the matrix 
material [5, 8]. However, the above statement should be tempered with the reality 
that the adsorption density of the silane on the glass fibers does not necessarily 
directly correlate to the initial silane solution concentration of the aqueous bath [26]. 
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Figure 7. Average penetration depths of the 5.0% y-APS indents. 
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Tabie 2. 

Nanoindentation results summary 

Silane Average Average % difference Load (uN) 
concentration interphase matrix (interphase—matrix)/ 

(%) penetration depth (nm) penetration depth (nm) matrix 

3.0 6542 60+1 8.33 16 

5.0 60+ 5 4245 42.86 16 


The nanoindentation results support the idea of the presence of a bonded net- 
work of silane molecules, as well as help determine the reduced modulus of the 
interphase. The indentations made into the interphase regions were expected to be 
deeper than those in the matrix under the same load, because the matrix is stiffer 
than the interphase. 

The 3% and 5% silane-treated samples followed the expected outcome of having 
larger penetration depths in the interphase region when compared to the matrix 
indents. Table 2 indicates that the relative difference in penetration depths of 
the indents made into the interphase and matrix increases with increasing silane 
concentration. The indents that were made into the larger interphase regions were 
easier to place in the interphase, because there was more interphase area to access. 
The larger area also allowed the indents to be placed such that fiber bias effects 
would not greatly affect lateral displacement. To even further limit the effects of the 
fiber on the indents, loads less than 16 uN could be used [15]. 

The interphase regions that correspond to the different silane percent treatments 
may not have the same elasticity, because the different amounts of silane may 
affect the curing of the interphase (9, 10, 13, 19]. Specifically, these works 
indicate that the silane surface treatment inhibits the curing of the epoxy around 
the fiber reinforcement, and reactions between the organo-functional portion of 
the silane molecule and the matrix occur [9, 10, 13, 19]. Also, in the study by 
Connell er al. [10] no diffusion of coupling agent away from the fiber surface was 
detected, supporting the possibility that interphase formation was greatly dependent 
on the surface treatment/matrix interface. An obvious increase in penetration depth 
is observed with increasing silane concentration in the current work. The increasing 
trend in penetration depth may have been observed, because the greater amount 
surface treatment led to a relatively less curing of the epoxy in the interphase. 

In general, the properties of the silane layers are not the sole contributor of the 
formation of the interphase. However, the silane layer, through its ability to react 
with the epoxy, does affect the curing of the epoxy matrix and may be an important 
contributor to the formation of the interphase region. 


4. CONCLUSIONS 


Varying the amount of silane coupling agent affected the interphase thickness. 
AFM.-PI was used to locate and then image the interphase region. Specifically, as the 
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silane concentration increased, the interphase thickness increased from 0 nm at 0% 
APS to 888 nm at 5.0% APS, and the interphase was less stiff than the surrounding 
matrix or adjacent fiber. 

Nanoindentation tests revealed that the percent difference of the penetration depth 


in 


the interphase compared to the epoxy matrix increased from 8.33% at 3.0% 


APS to 42.86% at 5.0% APS. Fiber bias effects were observed for lesser silane 
concentration treatments, leading to spurious nanoindentation data. 
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Abstract—It is believed that a transition region may exist between the bulk adhesive and the adherend, 
which would play an important role in the performance of the joint. Epoxy/aluminum joints were 
studied using a nano-indenter and an atomic force microscope (AFM). Some samples were based on 
direct bonding of aluminum specimens with the epoxy adhesive and some used aluminum samples 
pre-coated with a softer epoxy system to simulate a soft interphase. The topography of indented 
samples was measured using AFM and the image was used to define the indentation positions. 
Results were interpreted in terms of three types of interactions of the indenter with the sample in 
the interface region: (a) direct contact of the indenter with both phases during indentation, (b) contact 
of the indenter with a single phase but for which the indentation response was directly affected by the 
adjacent phase and (c) contact with a modified resin phase near the interface the: ‘interphase’. The 
importance of sample surface preparation was also studied. Results showed that polishing the surface 
often resulted in formation of ridges and troughs near the interface which resulted in artifacts, which 
could be interpreted as indicating the presence of a soft interphase. 


Keywords: Interphase; adhesive; indentation; AFM. 


1. INTRODUCTION 


It has been well accepted that an interphase, which may exist between the adherend 
and bulk adhesive in an adhesively-bonded joint, would play an important role in the 
performance of a bonded joint. The interphase would have properties different from 
those of the bulk adhesive. It may be formed spontaneously between the adherend 
and adhesive or may be intentionally introduced, for example, by using a surface 
pretreatment or through the use of coupling agents. 
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In this paper, the term ‘interface’ is defined as the surface formed between the 
aluminum adherend and the epoxy adhesive. This surface is two-dimensional in 
that it has no thickness, but is three-dimensional in that it follows the topography 
of the surface. The term ‘interphase’ includes the region starting with the interface 
and extending into the epoxy adhesive in which the adhesive has different properties 
from those of the bulk adhesive. We associate a dimension or thickness of the 
interphase with the distance from the interface to the point at which the adhesive 
properties are indistinguishable from those of the bulk adhesive. This thickness 
cannot be precisely defined and is dependent on the sensitivity of the technique 
used to define the properties of the adhesive. 

Compositional differences have been reported across interphases from studies 
using a variety of techniques. Such differences could result from preferential 
adsorption of the curing agent onto the metal or metal oxide surface [1] and reaction 
between the adsorbed curing agent and polar groups on the substrate surface [2, 3], 
or due to the formation of organo-metallic complexes [4] of metal ions dissolved 
from the adherend which diffuse into the adhesive [5]. 

Experimental evidence for compositional differences in adhesive joints suggests 
that an interphase may exist, but its thickness is still difficult to define. Most 
of the research concerned with the thickness of the interphase has concentrated 
on a boundary formed during manufacture of organic matrix composites using 
thermoplastic and thermosetting polymers and a variety of fibers. Estimates of 
the thickness of the interphase in composites have suggested sizes from a few 
nanometers to a fraction of a micrometer [6-11]. Although the chemistry causing 
the formation of the interphase must be sensitive to the composition of the fiber and 
the matrix, it is possible that the thickness of the interphase may be similar in both 
composites and adhesive joints. A recent report by Roche et al. [4] suggested that 
the interphase thickness in an epoxy/aluminum joint might be between 200 4m to 
400 jm. Our previous work showed that the formation of such a thick interphase 
might be caused by the evaporation of the curing agent during cure, and the 
effect was not observed when the adhesive was sandwiched between two aluminum 
adherends (data not shown). 

In this paper, we report studies on epoxy aluminum joints. A nano-indenter was 
used to make a series of indentations in the interfacial region and an atomic force 
microscope was used to define the positions of the indentations with respect to the 
interface and to define the indentation profile. Joints studied included some samples 
in which the aluminum was pre-coated with a softer epoxy resin system to simulate 
a soft interphase. 


2. EXPERIMENTAL 
2.1. Materials 


The resin used in this work was an epoxy resin (DER-331, supplied by Dow 
Chemical) cured with three amine-terminated poly(propylene glycol)s (Jeffamine 
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D230, Jeffamine D400 and Jeffamine 2000, supplied by Texaco). The Jeffamine 
D230 was used at the stoichiometric mixing ratio of 32.5 parts per hundred parts 
of resin (measured by weight and abbreviated ‘phr’), the Jeffamine D400 was used 
at 60 phr and the Jeffamine D2000 was used at 288 phr. One sample was prepared 
using 2-ethyl-4-methylimidazole (EMI-24), also supplied by Texaco, as a catalytic 
curing agent. The mixing ratio was 5 phr. The resin and the curing agent were 
mixed and the mixture was stirred thoroughly and then placed in an ultrasonic 
bath for 3 min to ensure complete mixing [12]. The mixture was centrifuged 
to eliminate air bubbles. The aluminum used was commercial aluminum alloy 
2024-T4 (Alcoa) in the form of 65 x 30 x 3 mm strips. The strips were ultrasonically 
degreased in acetone, and polished using a sequence of alumina slurries with sizes 
from 5 wm to 0.05 wm. This gave a surface roughness of approximately 50 nm 
as determined from an AFM topographic image. After polishing, the strips were 
ultrasonically degreased again in acetone, and stored in acetone for up to 20 min 
before being bonded with the epoxy adhesive. Two aluminum strips were bonded 
with the adhesive using copper shims to control the adhesive thickness. The 
adhesive thicknesses of the samples were about 0.30 mm. Samples were cured 
at 80 + 2°C for 2 h. Previous work [13] had shown that this cure cycle was 
sufficient for the amine-cured systems to achieve full cure, as indicated by the glass 
transition temperature. After cure, the samples were cut using a Buehler low-speed 
diamond-sectioning saw to obtain sections of the bonded system. Samples were 
approximately 10 x 30 x 3 mm. The cut surfaces containing the bond were then 
polished using the same procedures as before to ensure that the surface of the section 
was smooth with a surface roughness about 50 nm as measured using the AFM in 
the imaging mode. For most samples, the surface near the interface(s) was checked 
to ensure that no polishing troughs with height or depth greater than 50 nm were 
present. 

Reference marks were scribed across the specimen to easily ensure that the AFM 
image included the region in which the indentations were made. 

For some specimens, an artificial interphase was produced. The interphase was 
formed by coating the aluminum surface with a system based on epoxy resin cured 
with Jeffamine D400 or a blend of equal weights of Jeffamine D400 and Jeffamine 
D2000. The modulus of the coating system was significantly lower than that of 
the adhesive system based on Jeffamine D230. The soft layers were cured using 
the same cure cycle as for the adhesive. During the course of the indentation 
experiments, the modulus of the materials could be estimated from the indentations 
in regions distant from the interface. Table 1 shows the estimated moduli for the 
aluminum and the epoxy systems used. 

For one sample, the layer was quite thick and the thickness of the layer was 
measured to be 15 + 1 wm using a Vector TX1 ultrasonic thickness gage supplied 
by NDT Instruments. For the second sample with an artificial interphase, the epoxy 
system was dissolved in acetone to give a solution of about 5% solids and this was 
used to coat the adherend surface. After flashing off the solvent the residual film was 
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Table 1. 

Properties of materials 

Material Modulus (GPa) Glass transition temperature (°C) [13] 
Aluminum 85 — 

Epoxy/Jeffamine D230 5.3 80 

Epoxy/Jeffamine D400 4.9 40 

Epoxy/Jeffamine D400 + D2000 2.2 near room temperature 
Epoxy/2-ethyl-4-methylimidazole approx. 6 — 


too thin to be measured using the ultrasonic thickness gage (less than 1 wm). After 
cure of the soft layer for all cases, a bond was formed with a normally prepared 
aluminum adherend and with the adhesive based on Jeffamine D230. 


2.2. Indentation measurements 


Indentation was performed using a conical tip in a Nano-indenter XP (MTS 
Systems). The resolutions in measuring the loads and indenter displacements with 
the standard XP head are 50 nN and 0.01 nm, respectively [14, 15]. For each 
test, indentations were made from the bulk aluminum into the bulk adhesive. The 
indenter was programmed to carry out a large number of indentations (typically 
150) to a controlled depth and at a controlled indentation rate, each indentation 
being separated by a constant distance which was dependent on the indentation 
depth. The deeper the indentation, the larger the area affected by the indentation, 
and hence the larger the spacing required to avoid interference between adjacent 
indentations. For maximum indentation depths of 600 nm used in this study, a 
3.6 44m space was adopted. In order to make more indentations in the region of 
interest, indentations were made across the interphase at an angle of about 85° and 
several rows of indentations were made for each sample. 


2.3. Acquisition of AFM images 


Atomic force microscopy (AFM) images were acquired using a Topometrix Acurex 
II microscope. Contact mode AFM was used to image the topography of the 
sample surface. Images were acquired as soon as possible after completion of the 
indentation run to minimize recovery due to relaxation. The images were obtained 
with a 100 wm scan range at a scan rate of 50 wm/s with a nominal contact force 
of 0.0 mN. The resolution was set to produce an image with 1000 pixels per side. 
The AFM image was used to estimate the approximate distance of each indentation 
from the epoxy/aluminum interface and to determine the profile of the indentation. 


2.4. Interactions between the indenter and the adhesive, adherend and interphase 


The nano-indenter generates data in the form of tables and plots showing the 
variation of the indentation load as a function of the indentation depth. For 
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homogeneous materials, this can be interpreted in terms of hardness and elastic 
modulus of the material but the models used for the analysis are not appropriate for 
interphase studies. When the indenter tip is close to the boundary between different 
materials with widely different mechanical properties, three distinct interactions 
affect the load/indentation relationship. 


2.4.1. Direct contact between the indenter and the two phases. If the indenter 
tip radius at maximum indentation depth is greater than the distance from the tip 
to the interface, the indentation will start in one material but, at some point in the 
indentation process, direct physical contact will be made with the second material. 
For example, if the indentation starts in the soft adhesive the load/indentation depth 
plot has a relatively low gradient indicative of the soft matrix. At some point during 
the indentation process, the indenter will make contact with the adherend. The 
slope of the load/indentation depth plot will then start to increase indicative of an 
increasing apparent hardness of the composite material as the load is carried to 
an increasing extent by the harder adherend. We term these interactions ‘contact 
interactions’. 


2.4.2. Non-contact interactions between the indenter and the two phases. On 
a more subtle level, elastic forces associated with the compression zone of the 
material in direct contact with the indenter will be transmitted by shear stresses into 
nearby material which will deform in the same direction as the directly compressed 
material, although to a lesser extent, as the distance from the direct compression 
zone of the indenter increases. In addition, as plastic deformation of the material 
under the indenter occurs, plastic flow will result in material build-up around the 
indenter and this ‘pile-up’ of material will change the indentation process. For 
example, as the material builds up around the indentor, the area of the indentor 
in contact with the adhesive will be increased. The angle between the indentor 
and the adhesive surface will also change. We term these interactions “composite 
interactions’. 


2.4.3. Interphase interactions. Neither of the above two effects is related to 
the possible presence of a volume of material near the interface with different 
mechanical properties from the bulk adhesive. We refer to any interaction solely 
due to a local variation of material near the interface an ‘interphase interaction’. 

In an earlier work [16], we have suggested a process for presenting the indentation 
data in such a way as to simplify interpretation. This work extends this process to 
improve interpretation of indention data near the interface in terms of the three 
interactions described above. 


2.5. Data processing 


The experimental data obtained are a series of load/indention curves obtained during 
a series of indentations made at different distances from the interface. Figure 1 
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Indentation in the bulk aluminum 
— — — Indentation in the epoxy 

600 nm from the interface 
---- Indentation in the bulk epoxy 

Point where the indentor 

touches the interface during 

the indention near the interface 


Load (mN) 


0 250 500 750 
Indentation depth (nm) 


Figure 1. Typical load/indentation depth curves for a sample without an artificial interphase. The 
indenter has a radius of 660 nm at a depth of 190 nm and this depth is marked by a short vertical line. 


shows a typical set of data for load as a function of indentation depth for an 
indentation at a fixed distance from the interface. 


2.5.1. Estimation of the distance of the indentation from the interface. The first 
major experimental problem is to define the precise distance of the indentation 
from the interface. In our earlier work [16], we reported a method of defining the 
position of the interface using atomic force microscope images of the indentations 
in the interface region. The AFM software can be used to obtain a height profile 
through the indentation at right angles to the interface. Figure 2 shows an AFM 
image of a part of a typical set of indentations and a typical profile. The profiles 
usually show some sort of height change at the interface, but the height change 
cannot be interpreted in terms of the exact position of the interface. Initially, we 
measure the distance from the apparent line formed by the start of the ‘pile-up’ 
effect of the polishing process at the interface on the aluminum side of the bond 
as indicated in Fig. 2. How this relates to the distance from the interface will be 
discussed in more detail below. This distance will be used as a rough, preliminary 
estimate of the distance of the indentation from the interface. One of the data files 
generated by the nano-indenter is a material modulus for the sample calculated from 
the amount of deformation recovered when the load is momentarily reduced. As the 
calculation is based on an analysis of the deformation assuming the material to 
be homogeneous, we refer to such a modulus as a pseudo-modulus. The data table 
outputted by the instrument gives the pseudo-modulus at indentation depths selected 
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Figure 2, An AFM image of a typical set of indents across an interface is shown in the upper portion 
of this figure. The aluminum phase is on the left. The lower image shows a profile across the interface 
taken as indicated in the micrograph. The pile-up region is indicated on the traverse. The cross-marks 
on the image correspond to the vertical lines on the profile. 


by the instrument and the related load. We interpolate the modulus to give values 
associated with particular indentation depths we select. This interpolation process 
is discussed below. 

A plot of the interpolated, pseudo-modulus as a function of this estimate of the 
distance from the interface at fixed indentation depths was constructed such as 
shown in Fig. 3. In Fig. 3, a point where the pseudo-modulus is independent of 
indentation depth can be seen where plots at different indentation depths crossover. 
This is associated with the point where the indenter is very close to the interface. 
If the indentor tip starts the indentation exactly on the interface and if the interface 
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Figure 3. A typical plot of modulus against distance from the interface as defined from the profile 
of the section. The vertical line is drawn through the point where the modulus is independent of the 
indention depth. This point is 0.192 um from the position of the interface as estimated using the 
section profile. 


continues directly below the indentor tip, as the indentation depth increases half 
of the indentation will remain in both the adhesive and the adherend. For any 
other indentation not exactly on the interface, as the indentation depth increases 
the fraction of the indentation volume associated with either the adherend or the 
adhesive will change as the indentor is not symmetric about the indentation axis. 
Consequently, the point where the curves cross-over can be taken to be an improved 
estimate of the position of the interface. Subsequent plots are corrected to use 
distances referred to this point as the interface. The precision of this process is 
estimated to be of the order of 40.5 wm. This estimate will be shown below to 
be insufficiently accurate to be used in estimating the thickness of any possible 
interphase and a further correction will be derived. 


2.5.2. Presentation of the data. Essentially, the indentation experiments provide 
information about the relationship between three variables: load at an indentation 
depth for an indentation at a distance from the interface. The indentations shown in 
Fig. 1 are typical of indentations in the bulk aluminum, near the interface and in the 
bulk adhesive (in Fig. 1, the vertical line at an indentation depth of 190 4m marks 
the point where the indenter first makes contact with the interface as determined 
using methods described below). Although there is a perceptible change in the rate 
of change of curvature of the load/indentation depth curve for the indentation near 
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Figure 4. Plot of the load at fixed indentation depth as a function of distance from the interface 
corrected using the modulus/distance data. The sample has a soft artificial interphase of thickness 
about 15 zm. Data are shown for very small indentation depths of 10-40 nm. Data at depths up to 
600 nm showed similar trends. 


the interface, it is not easy to use this curve to define this point as the change is very 
subtle. We suggest that it is easier to interpret the experimental data if the results are 
presented in terms of either the variation of the load required to obtain an indentation 
of a given depth, as a function of distance from the interface, as described in our 
earlier work [16], or as the variation of the indentation depth at a fixed load, as a 
function of the distance from the interface. Both presentations require the data to be 
interpolated between data points from the original load/indentation depth tables. 
We used two processes to interpolate data. Initially, we visually interpolated 
values from the indentation tables. This is reasonably precise as the points taken 
during the indentation experiment are very closely spaced. However, this is a very 
time consuming process. In order to reduce the effort and improve the accuracy 
of the interpolation, a ninth-order polynomial was used to fit the load/indentation 
depth data. Two different polynomials were needed. One polynomial giving the 
load as a function of indentation depth was used to calculate the loads at specific 
indentation depths. The second gave the indentation depth as a function of the 
load and was used to calculate the indentation depths at specific loads. The data 
can then be presented as a table of triads of load/indentation depth/distance from 
the interface which can be presented in three dimensions or as plots of load at a 
fixed indentation depth as a function of distance from the interface or as indentation 
depths at a fixed load as a function of distance from the interface. Figure 4 shows 
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Figure 5. Data from Fig. 4 plotted on a semi-log scale. 


a plot of load at fixed indentation depth as a function of corrected distance to the 
interface. It can be seen that for a system containing aluminum and epoxy adhesive, 
the load axis covers a range of several decades (0.03 to 0.0005 mN). As the majority 
of this work is focused on possible interphases formed in the soft epoxy material, 
the presence of the very stiff aluminum forces the load scale to be very coarse and it 
is difficult to see any detail in the variation of the load in the epoxy region. We 
have found it more useful to present the data as the logarithm of the load as a 
function of the distance from the interface as shown in Fig. 5. It should be noted 
that the sample used to produce Figs 4 and 5 had a significant polishing trough 
(see below). The data presented in the form of indentation depth at fixed load as a 
function of distance from the interface as a semi-log format are illustrated in Fig. 6 
for several indentation loads. These curves are presented in semi-log format for the 
same reasons as for Fig. 5. 


2.5.3. Superposition of the indenter tip profile on the figures. Interpretation of 
curves such as in Figs 5 and 6 is much easier if information on the tip profile can be 
included so that the relative positions of the edge of the indenter and the interface 
can be estimated. 

For load/distance curves such as shown in Fig. 5, this can be done by including a 
bar in the x plane on each point with a length equal to the diameter of the profile at 
the indentation depth of the point. As each curve is at the same indentation depth, 
the bars are of equal length on a given curve but increase between curves as the 
indentation depth increases. 
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Figure 6. Plots of the depth at fixed indentation load as a function of the distance from the interface 
on a semi-log scale. Data are given for depths at loads from 0.01 to 1.0 mN. The tip profile is plotted 
on the same axes. The sample, in this case, had a very thin (less than 1 zm) artificial interphase based 
on the EMI-24 cured system and the adhesive was based on the D230 system. 


For the indentation depth/distance curves such as shown in Fig. 6, the tip profile 
can be plotted directly as the x-axis is directly related to the tip width at any 
indentation depth and the y-axis is the indentation depth. 


3. RESULTS AND DISCUSSION 


During the experimental work done, it became apparent that reproducibility of data 
was a serious problem. Curves taken from a similar sequence of indentations at a 
different point on the surface or on the surface following re-polishing, or from new 
samples with similar preparations, often showed different features. In particular, 
samples often showed apparent troughs in the load at fixed depth/distance plots used 
to calculate the radius of the indentation affected zone (IAZ) as reported earlier [17]. 
It was apparent that the points showing the most variability were the points in the 
adhesive close to the interface. Estimation of the radius of the IAZ is sensitive to 
these points. It became apparent that the precision of the estimation of the radius 
was about +0.2 4m. Most estimates of the radius of the IAZ were equal to the 
indenter tip radius at that indentation depth. 

A second problem was seen on examination of plots of the load at fixed 
depth/distance curves. Many curves showed minima in the loads near the interface 
which suggested the presence of a soft interphase. This observation would be very 
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significant but repeated samples did not show this feature with any consistency. It 
was concluded that it was an artifact of sample preparation, probably associated 
with the surface polishing procedure. 


3.1. Artifacts due to polishing defects 


As described above, all samples were polished flat before testing in the nano- 
indenter. A flat surface across the bond is critical to the characterization of the 
interphase between the adherend and adhesive using indentation and topography 
methods. For example, uneven boundaries across the bond or between the fiber 
and matrix in a composite can result in artifacts which can lead to possible 
misinterpretation of variations in indentation properties as evidence of the presence 
of an interphase [15]. 

For indentation studies, a rough surface may also result in artifacts. Figure 5 
shows the indentation load as a function of the corrected distance from the interface 
for the system with a thick artificial soft interphase. Figure 5 shows plots at a series 
of indentation depths of 10, 20, 30 and 40 nm. Similar data are obtained at all depths 
up to the maximum depth of 600 nm used in this study. The figure shows indents 
starting in the bulk aluminum on the left side of the plot, the transition into the soft 
interphase at the interface and the soft interphase extending out to about 15 wm 
(consistent with the measured thickness of the interphase), a transition into the bulk 
adhesive up to about 20 wm and finally the bulk adhesive on the right side of the 
plot. The regions of all plots showing rapid changes in the indentation load with 
indentation position near 0 zm and near 20 um we associate with direct physical 
contact of the indenter with the second phase as described below. Two significant 
regions can be seen in the thick, soft interphase. The first observation is the general 
slow decrease of indentation load with indentation position across most of the soft 
interphase and the second are the regions from about 0-1 jm and from about 12- 
20 4m from the aluminum epoxy interface where the data suggest that the observed 
load goes through a minimum with indentation position. This could be interpreted 
as due to the presence of a thin, soft interphase between the layers. We suggest that 
this is an artifact introduced by a change in profile of the polished surface. Figure 7 
shows a surface profile through this region as a plot of relative surface height as 
a function of distance from the approximate interface. This image includes the 
permanent deformation from two previous indents from earlier runs on the same 
sample. Included in the image is a profile of the indenter tip from geometry data 
supplied by the manufacturer superimposed on the profile at an arbitrary position. 
The image shows that the polishing process for this sample left a trough about 5 ~m 
deep and about 10 ym across at this point. Indents carried out in the flat regions on 
either side of the trough can be interpreted as experiencing the load applied to the 
indenter as being transferred approximately to the area of the indenter as estimated 
from a section through the indenter at the indent depth. This load results in the 
measured indent depth. The indent on the right side of the profile in Fig. 7 would be 
typical. Indentations carried out on the sides of the trough, however, experience, at 


Interphase in epoxy/aluminum bonds 789 


1250 


— -—Profile of the indentor tip 
Surface profile across the interphase 


1000 


Indentation 


750} 


500 


Profile height (nm) 


250 


0 
25 30 35 40 45 50 


Distance across the traverse (um) 


Figure 7. A profile of a section of the sample with an artificial soft interphase with thickness about 
15 wm. The polishing procedure used in preparation of this specimen has left a trough in the soft 
interphase near the interface between the two epoxy phases. The profile includes two indents from 
two separate indentation experiments. A profile of the indenter tip is included at an arbitrary position. 


least for the initial part of the indentation, a much larger area as the section through 
the tip is taken at an oblique angle to the tip axis. While the load is the same, 
the increased area implies that the stress is lower and, hence, the indentation depth 
would decrease. We suggest that the apparent minimum in the load/distance curve 
is an artifact due to the presence of a polishing trough near the interface between 
adhesive and soft, artificial interface. It is significant, we believe, that the depths of 
the minima shown in Fig. 5 increase as the indentation depth decreases and, at the 
larger indentation depths, the minima disappear. Improved polishing removed this 
artifact, as seen in later figures, and all further samples were imaged to ascertain 
that any troughs near interfaces were less than 50 nm deep and the majority of the 
data used to define interphase properties were for indentations 50 nm or greater. 
The limitation to 50 nm minimum indentation depth also reduces the possibility 
that polishing might induce structural changes in the surface [18]. 


3.2. Detection of direct contact during indentation 


The use of plots of indentation depth at constant load as a function of distance from 
the interface makes it easy to determine if and when the indenter makes contact with 
the second phase. Figure 6 shows such a plot for the system based on aluminum 
bonded with epoxy-Jeffamine D230. We interpret this figure as illustrating that the 
rapid change in depth at a fixed load near the interface is almost entirely due to the 
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occurrence of direct contact of the indenter with the two phases. The depth at a fixed 
load is constant for each indentation in the aluminum (right-hand side of Fig. 6) 
until the indenter touches the epoxy as illustrated by the superimposed image of the 
indenter. The indent depth increases rapidly as the indenter is moved closer to the 
interface and onto the epoxy side. For most indent loads, after the indenter no longer 
touches the aluminum, the indent depth again becomes constant. From the plots 
indicating the effects of high loads, it might appear that the load becomes constant 
even though the indenter should still be in contact with the aluminum. Study of 
AFM images for indentations made very close to the interface on the epoxy side 
shows that the residual indentation for two or three indentations is very asymmetric, 
suggesting that the tip has moved sideways into the epoxy during the indentation 
process. Figure 8 shows such a profile. 


File Information: 
| Zmin 0.0 nm Zmax: 785.8 nm Scan Range: 11 wm 


Z Data 


0 2.36 4.72 7.08 9.44 11.8 um 
Distance 
Figure 8. Image of a section of the interphase (upper image) and a profile through the section. The 
profile shows distortion due to movement of the indentor. The horizontal line through the section 
shows where the profile was taken. The sample is the same sample as was used to obtain the data 
shown in Fig. 6. 
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3.3, Detection of the composite interaction during indentation 


The most direct evidence for a stiffening effect of the rigid material near a softer 
material during the indentation process can be seen in Figs 4 and 5. In this sample 
a thick soft interphase of epoxy resin cured with a blend of Jeffamine D2000 and 
D400 was coated onto the aluminum to give a 15 wm artificial interphase. As this 
layer is much thicker than the diameter of the indenter at maximum indentation 
depth, the artificial interphase is easily seen as a region of low modulus, low load 
at fixed indentation depth and high indentation depth at fixed load. Examination of 
the Figs 4 and 5 show that the pseudo-modulus is not constant across the sample. 
Although Figs 4 and 5 show data for a sample which had the polishing artifact 
near the interface between the two epoxy materials, all plots of indentations in 
the samples with a thick soft interphase showed the same trend across the whole 
interphase. The same effect is seen at all indentation depths up to 600 nm. We 
interpret this as evidence for a reinforcing effect of the much more rigid aluminum 
and the relatively rigid epoxy cured with Jeffamine D230 which was used as 
adhesive. As the interphase is traversed the sample detects relatively more of one 
stiffening agent than the other and, hence, appears to become softer as the epoxy 
adhesive side is approached. 

This suggests that in this case, the composite effect can be seen over the full width 
of the interphase (15 zm). 

Figure 6 also shows data which might suggest that the epoxy material is stiffened 
by the aluminum for up to 2 zm from the interface. The region in which the load 
at constant indentation depth is constant for the indents in the aluminum remain 
constant right up to the point where the indenter touches the epoxy resin. On the 
epoxy side, however, the epoxy gets progressively softer as the distance from the 
interface increases even after the indenter no longer touches the aluminum. It does 
not become constant until about 2 44m from the interface. 

It should be noted that a soft interphase would give a similar result to that shown 
here and there is no easy way to distinguish the two effects conclusively. 


3.4. Detection of a soft interphase 


In order to see if nano-indentation was capable of detecting a soft interphase, 
systems were prepared with artificial soft interphases by using coatings of epoxy 
resin cured with higher molecular weight amines which give cured systems with 
lower moduli. One system was based on pure resin/curing agent as the coating and 
gave an interphase of about 15 wm thickness. The second used a dilute solution of 
the curing system which gave a coating thickness below the measuring capability 
of the ultrasonic thickness gauge (less than 1 wm). Figures 4 and 5 above show 
a region from the interface to a distance about 14 um from the interface where 
the load at fixed indentation depth is lower than both in the aluminum or in the 
epoxy adhesive. We interpret this as indicating the presence of the thick artificial 
soft interphase. For the thin interphase, however, the film sometimes indicated the 
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presence of a soft interphase by the appearance of one or two points with a low load 
at fixed indentation depth but sometimes did not. We suspect that the reason for 
the inconsistent results was that the thickness of the interphase was comparable 
to the distance between adjacent indents. When data from several traverses of 
the interphase were plotted together, the data showed too much scatter to allow 
interpretation. We believe that the scatter was caused by a lack of precision in 
defining the exact position of the interface for different traverses. In order for 
data from several runs to be presented together, a process had to be developed 
that was consistent with the abilities of the instrument and that would allow direct 
comparison of data from several traverses of the interphase on the same system. 
Comparison of several runs suggested that the general shape of the curves was the 
same but that they appeared shifted along the x-axis which shows the distance from 
the interface. A shift in this axis would imply that the position of the interface had 
not been defined identically for each sample. Figures 9 and 10 show data from four 
traverses of the interphase for the sample with a thin, soft interphase of thickness 
less than 1 wm. Each curve has been shifted to place the point of inflection of 
each of the four runs at the point where the distance axis is zero. The shift was 
determined for each run using the data for the lowest indent depth and the same 
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Figure 9. Plots of the load at 100 nm indentation depth for the system with a thin artificial 
interface. The curves have been shifted horizontally to make the point of inflection appear at zero 
x displacement. The indicated interface is offset from the true interface by about —-0.6 wm. The data 
are shown for two runs each on two separate samples. 
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shift was applied to the second data set at the higher indent depth. Figures 11 
and 12 show similar plots of data for four curves for a sample without the artificial 
interphase. The shift represents a change in the definition of the origin for the x-axis 
which is no longer zero at the interface; however, it makes the shift much easier and 
is more repeatable. The interface lies near the point where the distance axis equals 
—0.60 zm. The shifts required are shown in Table 2. The relative shifts along the 
distance axis are similar to the precision of the definition of the placement of the 
interface as defined from the pseudo-modulus/indent depth curves described above 
so this process reflects a refinement of the definition of the relative position of the 
interface. 

The four runs for each system used two separate samples for each condition and 
each sample was measured twice: once as described above and then the sample was 
re-polished to expose new surface and was then measured again. 

The data for the system with the soft interphase suggest that there is a region in the 
epoxy, Close to the interface, that has a significantly lower indent at fixed load. This 
would suggest an interphase with a lower modulus and with a thickness around 
1 um. For the systems without an artificial interphase, the curves show a much 
less marked region with a few samples, suggesting a layer with a smaller modulus 
difference and with a lower probability of being detected. We interpret these data as 
suggesting that it may be possible to detect the presence of a soft interphase, such as 
the artificial interphase used in these experiments but an interphase with a modulus 
20% lower than the bulk with a thickness of the order of 1 szm is very close to the 
detection limit using the processes developed in this study. 

Although the interface is a two-dimensional surface it has a shape in three 
dimensions due to the initial roughness of the polished aluminum surface. It is 
possible that the indentation process could be affected by the three-dimensional 
characteristics of the interface immediately below the surface of the sample. The 
surface is polished to give a roughness of about 50 nm as measured from an AFM 
image. The profile of the interface at the surface suggests that the interface is 
undulating with a wavelength of fractions of a micrometer and an average amplitude 


Table 2. 
Shifts required for superposition of the inflection point at distance = 0 in Figs 9-12 


System Run Shift (42m) 


Aluminum/epoxy-Jeffamine D400/epoxy-Jeffamine 1 0.828 

D230/aluminum 
2 —0.296 
3 —0.078 
4 —0.703 

Aluminum/epoxy-Jeffamine D230/aluminum 1 —0.354 
2 —0.385 
3 +0.104 
4 —0.156 
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Figure 10. Plots of the load at 400 nm indentation depth for the system with a thin artificial interface. 
The indicated interface is offset from the true interface by about —0.6 wm. The data are shown for 
two runs each on two separate samples. This figure includes an indication of the width of the indentor 
as two vertical lines on each side of the apparent interface, indicating the indentor radius at 400 nm 
depth. 


of 0.05 wm. It is probable that the same applies to a profile taken at right angles 
to the exposed surface. Underneath the exposed plane of the sample, therefore, the 
surface is likely either protruding into the path of the indenter or tilting away with 
equal probability. Any protrusion into the path of the indenter will have a significant 
effect in reinforcing the system while a small undercut would have little effect. In 
addition, there are always only one or two indents made close to the interface. The 
net result is that it is possible that observation of a modified interphase may not be 
possible in every run. 

Superimposed on this possibility is the problem described above in that roughness 
of the surface near the interface can produce artifacts which look suggestive of a soft 
interphase. 

We suggest that the information shown here is consistent with the possibility that 
Figs 9 and 10 are showing the effect of an interphase of lower modulus than the 
adhesive and with a thickness around one micrometer. Even more cautiously, the 
sporadic occurrence of slight minima near the interface in Figs 11 and 12 suggests 
that a similar but thinner interphase could exist in this system as well. 

In order to produce more definitive data, using nano-indentation and AFM, 
procedures must be developed to improve the collection of data for indentations 
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Figure 11. Plots of load at 100 nm indentation depth for the system without an artificial interface. 
The data are shown for two runs each on two separate samples. This figure includes an indication of 
the width of the indentor as two vertical lines on each side of the apparent interface, indicating the 
indentor radius at 100 nm depth. 
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Figure 12. Plots of load at 400 nm indentation depth for the system without an artificial interface. 
The data are shown for two runs each on two separate samples. 
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within a micrometer of the interface which would allow statistical interpretation of 
experimental evidence. 


4. CONCLUSIONS 


This paper describes the results of a study of the interface in aluminum-epoxy resin 
joints using nano-indentation and AFM imaging. 

The results are interpreted in terms of three interactions between the indenter and 
the material: 


(a) A ‘direct’ interaction when the indenter hits the second phase during the 
indentation. 


(b) A ‘composite’ interaction when the properties of the phase being indented are 
directly modified by the adjacent phase which is not in contact with the indenter. 


(c) An ‘interphase’ interaction when one or more of the phases in the interface 
region have different properties from the bulk materials and the change in 
properties affect the indentation. 


By using a sample with a thin, soft layer placed on the aluminum and cured before 
formation of the bonded joint, it was shown that indentation data could be used to 
indicate the presence of a soft interphase. This process, however, is inconsistent and 
may fail to show the presence of the interphase. Surface preparation of the section 
of the joint prior to carrying out the indentation process can give rise to artifacts 
with very similar properties. 

In spite of the problems of interpretation of nano-indentation results in two-phase 
media, some suggestion of the possible presence of a soft, thin interphase in a 
normal epoxy/aluminum joint was shown. 
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of nanolithographed poly(methyl methacrylate) 
by means of force—displacement curves 
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Abstract—Poly(methyl methacrylate) (PMMA) surfaces have been modified by dynamic plowing 
lithography. The resulting modified structures, presenting regions of different densities and stiffnesses, 
have been studied by force—displacement curves. The elasto-plastic response, the stiffness, and the 
adhesion of the modified samples have been characterized. Force-—displacement curves are able to 
distinguish between unmodified PMMA and two different structures resulting from the lithography, 
i.e. compressed PMMA and low density PMMA. In particular, the low density regions are made up 
of cluster-like globular particles, whose elasto-plastic response and adhesion are measured and whose 
contribution to the total elasto-plastic response and to the adhesion has been studied in detail. 


Keywords: AFM; lithography; force—displacement curves; stiffness; adhesion; elasto-plastic re- 
sponse. 


1. INTRODUCTION 


In the last few years there has been a considerable interest in methods aimed 
to modify surfaces taking advantage of the atomic force microscopy’s (AFM) 
capability of directly machining the sample surface. This can be achieved in two 
ways: static plowing and dynamic plowing. In static plowing [1-3], AFM is 
employed in contact mode to pattern a single poly(methyl methacrylate) (PMMA) 
layer and subsequently use it as an etch mask. This technique presents some 
drawbacks. It has been shown that, while engraving a line into the resist by static 
plowing, torsion of the cantilever may lead to edge irregularities [4]. Additionally, 
depending on the local stiffness of the sample and/or of the cantilever, while 
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imaging the surface before or after the modification, further modifications may take 
place due to dragging of the surface. 

By dynamic plowing lithography (DPL) [5-8] the surface is modified by indent- 
ing it with a vibrating tip using Tapping Mode AFM. This lithography technique 
is nearly free from problems due to cantilever torsion. Furthermore, the successive 
imaging of the modified surface does not lead to any further modification. Despite 
the great advantages of this technique, little work has been done to understand its 
principles and to improve its performance. 

In particular, it has been shown [9] that the indentation of the tip in a rapid 
intermittent contact produces not only holes, but also regions surrounding the carved 
holes, called ‘border walls’. Except for small modulation amplitudes and/or smail 
scanning speeds, the volume of these border walls is always much larger than the 
volume of the holes. This means that the density of the material in these border walls 
must be considerably smaller than the density of the material in the unmodified film. 
Further changes in the physico-chemical properties of the modified material cannot 
be excluded. 

Force—displacement curves [10] are likely to give insights into the mechanical 
behaviour and the physico-chemical properties of lithographed PMMA. This is 
important not only to understand the composition of the modified films, but also 
to emphasize the possibilities of sample analysis by means of this technique and 
to show the capability of AFM force—displacement curves to evidence slight 
differences in the physico-chemical properties between very similar materials. As a 
matter of fact, so far force—displacement curves have been employed to characterize 
only elastic samples. In this domain, the AFM has proved to be a leading tool in 
the study of the stiffness of samples on a local micrometric scale (see Ref. [11] and 
references therein), even if some instrumental [11] and theoretical [12] problems 
limit its use to the comparison of materials with different stiffnesses and make 
impossible, with the exception of some trivial cases, an absolute determination of 
the Young moduli. On the other hand, there has been very little work on samples 
with plastic response. The lack of a theory, the presence of viscoelastic effects [13] 
and some instrumental difficulties have limited the work in this field. 

In this study we have employed force—displacement curves for the investigation of 
the mechanical and physico-chemical properties of PMMA, previously modified by 
means of DPL. We have shown the possibility of distinguishing between the elasto- 
plastic responses of regions of different densities, to study the fine structure of the 
plastic response of low density areas, and to gain some insights into the interplay 
between plastic deformation and adhesion. 


2. EXPERIMENTAL 


The AFM used in our experiments is comprised of a commercial microscope head 
(Topometrix TMX 2000 Explorer, Santa Clara, CA, USA), a piezoelectric scanning 
table (P-517.2CL, Physik Instrumente GmbH & Co., Waldbronn, Germany) for XY 
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scanning, and a Z-piezoactuator (P-753.11C, Physik Instrumente GmbH & Co., 
Waldbronn, Germany) for Z positioning. Both the XY table and the Z-piezoactuator 
are equipped with integrated capacitive displacement sensors. The maximum scan 
range of the scanning table is 250 x 250 zm?. The maximum Z-range is 12 «xm. 

The experimental set-up for DPL has been discussed in a previous article [8]. 
During DPL the microscope is operated in Tapping Mode. In Tapping Mode, the 
cantilever driven by a dither piezoactuator vibrates near its resonance frequency and, 
since the oscillation amplitude depends on the distance between the cantilever and 
the sample, a feedback loop keeps the vibration amplitude constant by changing the 
extension of the Z-piezoactuator, i.e. the distance between the sample surface and 
the cantilever. The topography of the sample is reconstructed from the changes in 
the Z-piezoactuator extension. In order to carve the sample surface, the modulation 
amplitude applied to the dither piezoactuator driving the cantilever oscillations is 
suddenly increased (within 100 ys). The complex response of the cantilever has 
been analysed in Ref. [8]. Here we can say for simplicity sake that when the 
amplitude is increased, the sample is further approached to the tip and the tip is 
likely to indent the sample surface, leading to elastic and plastic deformations. 

The same program has been used to perform lithography and to acquire force—dis- 
placement curves. The scanning method, employed for the acquisition of force—dis- 
placement curves is described in detail in Ref. [14]. At the beginning the tip is away 
from the sample at a height zo, then the sample is approached until the force exerted 
on the tip reaches a pre-assigned value Finax. The corresponding height z(Fmax) and 
the deflections in the last N, approaching points are stored. The distance between 
two subsequent points is 5z. Then the sample is retracted for a distance Az = N,6z 
and the deflections in the next N, withdrawing points are stored. After this, the 
sample is retracted further for a short distance, in order to avoid the vertical distance 
between the cantilever and the subsequent XY point being less than Az. This process 
is repeated on N, Ny points all over the scanned area. A three-dimensional matrix of 
(2N, + 1)N,Ny data points is stored. The columns d;;, are the force—displacement 
curves, the first plane d,y9 is the topography, containing the heights z(Fiax), and 
the subsequent planes are the force slices d,,,, containing the deflection of the 
cantilever at a distance kdz from z(Finax). 

The PMMA films were prepared by depositing droplets of a solution of 10 g of 
PMMA (Réhm GmbH, type 7N, M,, = 120 kD) in 15 g of acetone on a glass slide 
and letting the acetone slowly evaporate. Only the side previously in contact with 
the glass was used in the following experiments. The PMMA sample thickness was 
about 1 mm. 

Commercially-available cantilevers (Pointprobe NCL, Nanosensors, Wetzlar- 
Blankenfeld, Germany) with length L = 225 um, width W = 38 um, thickness 
T = 7 wm, resonance frequency F = 156 kHz, and spring constant k, = 30 N/m 
were used. Unless otherwise specified, all experiments were performed at room 
temperature in air. 
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3. RESULTS AND DISCUSSION 


Figure 1 shows a lithographed 7 x 7 4zm* PMMA surface, where sixteen rectangles 
have been carved. The structure of such rectangles, carved by means of DPL, has 
been described in details in a previous article [9]. The rectangles have been written 
as a sequence of overlapping holes. When the tip carves a hole a certain quantity 
of material is accumulated around the hole forming a border wall. The position of 
such a border wall depends on the particular tip employed for carving, whereas the 
ratio of the positive volume Vpos, i.e. the volume of the border wall, to the negative 
volume Vneg, i.e. the volume of the hole, depends on the modulation amplitude used 
to carve the holes and on the scanning speed. The experiments discussed in Ref. [4] 
show that the material forming the border walls cannot be simply the bulk material 
carved out of the holes, because Vpos is in most cases much bigger than Vpeg (except 
for small writing amplitudes and/or small scanning speeds). So one must admit, 
that the indentation of a rapidly oscillating tip gives rise to some density changes 
and maybe physico-chemical changes of PMMA. 

When the holes overlap, some of the material in the border walls of the single 
holes is carried out of the rectangles by the tip. The material carried out of the 


Figure 1. Topography evaluated from force—displacement curves (7 x 7 «m7; 200 x 200 pixel; 
AZ 400 nm) of a PMMA sample, where sixteen rectangles have been previously carved by means of 
DPL. The little squares numbered 1 to 6 indicate the position of the force-displacement curves shown 
in Fig. 2. The white line is the line where the hysteresis presented in Fig. 3 has been calculated. 
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rectangles is accumulated in two large border walls outside the rectangles, a short 
border wall on the right and a tall border wall at the bottom. Part of the material 
is left inside the rectangle, so that the whole surface of the rectangles is covered 
with residues of the border walls of the single holes, i.e. with material of the border 
walls of the single holes that has not been carried out of the rectangles. Only the 
first vertical line on the left and the last horizontal line at the bottom are free from 
residues of the border walls [9]. Such residues of the border walls cannot always be 
seen clearly in the force—displacement curves topography, but they are evident in 
tapping mode topographies (not shown). 

A characterization of such structured samples by means of force—displacement 
curves can provide some insights into the structure and into the mechanical and 
physico-chemical properties of the material forming the border walls. 

Figure 2 shows six typical force—displacement curves at different locations on 
the lithographed PMMA. The numbers correspond to the squares indicated in Fig. 1. 
Approach (withdrawal) curves are plotted with full (open) circles. All plots have the 
same XY range. The nominal value of the spring constant k, given by Nanosensors, 
i.e. k, = 30 N/m, has been used to calculate the forces. 

The first curve (1) was acquired on unmodified PMMA. The most important 
feature is the hysteresis between the contact lines. This hysteresis is due to the 
plastic deformation of the sample (discussed in [10, 15]). It is useful to compare 
this curve with the second curve (2), acquired at the left end of a rectangle, i.e. 
where no residues of the border walls are present. In this curve, no hysteresis is 
present. This means that the behaviour of the sample is that of an ideally elastic 
sample. An ideally elastic sample, even if it undergoes a deformation during the 
approach, regains its shape step by step during the withdrawal, so that the loading 
and unloading curves, i.e. the approach and withdrawal contact lines, overlap. On 
the other hand, if a sample is unable to regain its shape, at a given displacement 
the unload forces are smaller than the load forces. Hence, the first derivative of 
the force, i.e. the slope of the contact line, is larger for the withdrawal curve than 
for the approach curve. The distance between the two intercepts of the tangents 
to the initial portions of contact lines with the zero axes, called ‘zero load plastic 
indentation’, gives the penetration depth of the tip into the sample. 

Unmodified PMMA is compressed by the tip during the loading curve, whereas 
the PMMA at the left end of the rectangles, already compressed during DPL, cannot 
undergo a further plastic deformation. Force—displacement curves are able to sense 
the difference in density between the two regions. The compression, and hence the 
hysteresis, becomes larger on the residues of the border walls inside the rectangles 
(curves 3 and 4), or on the short border walls outside the rectangles (curve 5). 
Finally, on tall border walls outside the rectangles (curve 6), the hysteresis is very 
much larger than in the other cases. This means that the rapid intermittent contact 
during DPL produces low-density PMMA, that is successively accumulated in the 
border walls. 
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Figure 2. Six force—displacement curves on lithographed PMMA. Numbers correspond to the 
positions shown in Fig. 1. Curves with full (open) circles are the approach (withdrawal) curves. 
Hysteresis has its minimum on compressed PMMA (curve 2) and its maximum on the high border 
walls below the rectangles (curve 6). 


Also the curvature of the loading curve is an indication of the presence of a 
compressible material. In particular, the last three curves in Fig. 2 (curves 4-6) 
can be fitted with a function of the form F = Fo,az* without any linear term, 
whereas the first three curves in Fig. 2 (curves 1—3) can be fitted only with a linear 
term. This means that, when the tip is placed on the residues of the border walls 
inside the rectangles or on the border walls outside the rectangles, it pushes at the 
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beginning on a soft material that becomes stiffer and stiffer as the tip compresses it. 
Consequently, the slope of the loading curve goes from 0 (very soft material) to k, 
(very stiff material). In the fourth and fifth curves only the end of the loading curve 
has a slope equal to k,, i.e. only after the compression the sample is much stiffer 
than the tip. Such a degree of compression cannot be reached on tall border walls. 
In the curves on tall border walls, e.g. number 6, the slope is always smaller than k,, 
also at the very end of the loading curve (maximum slope: 93% of k,). The degree 
of compression, and hence the possibility to reach the maximum slope k,, depends 
on Finax. If Fmax is larger the high border walls can also be fully compressed, and 
the slope will reach its maximum value k.. 

The unloading curve always has (except in the sixth curve) a slope equal to k,. 
This means that the low density material (residues of the border walls inside 
the rectangles or small border walls outside the rectangles) has been completely 
compressed, or in other words that the low density material has been completely 
indented and a hole has been carved. Hence, the tip has gone through the low- 
density material, that has a fully plastic response, and has reached the underlying 
unmodified PMMA, having a quite fully elastic response. Therefore, in all curves 
except the sixth, two parts of the contact region can be distinguished: a part with 
hysteresis, corresponding to the indentation of the low density material and showing 
a plastic response, and a part without hysteresis, corresponding to the contact with 
the unmodified PMMA and showing an elastic response. Only in the sixth curve the 
PMMA cannot be fully compressed, due to its large height, and the material shows 
an elasto-plastic response. Of course we could have reached a fully elastic regime 
with a higher force, i.e. by pushing further and compressing further the PMMA in 
the tall border walls. 

Figure 3 shows the hysteresis H in force—displacement curves along the white 
line of Fig. 1. The hysteresis has been calculated as the area between the 
approach and the withdrawal curves. Also the Z profiles obtained from the 
force—displacement curves topography (a) and from the Tapping Mode topography 
(B) are shown. Four different regions can be distinguished: the unmodified PMMA 
(a) with H = 4x 1075 nJ, the compressed region at the left end of the rectangles (b) 
with H = 1 x 10~> nJ, the residues of the border walls inside the rectangles (c) with 
6x 107° < H <8 x 107° nJ, and the small border walls outside the rectangles (c’) 
with 8 x 107° < H < 14x 107° nJ. Note that in the region (c’), i.e. on the border 
walls outside the rectangles, the hysteresis is larger than in region (c) because the 
PMMA under the border walls has not been compressed. The values of H, and 
also the variations inside the region (c), are in agreement with the Tapping Mode 
topography. It is now possible to understand why the residues of the border walls 
inside the squares cannot be seen in force—displacement curves based topography, 
particularly when they are rather small: when z(Fimax) is acquired, the low-density 
PMMA forming such residues has already been compressed and flattened. The 
same dependence of the hysteresis on the presence of border walls and compressed 
regions has been measured in water. 
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Figure 3. Hysteresis H and Z profiles along the white line of Fig. 1. The first Z profile (a) has been 
obtained from the force—displacement curves topography and the second (8) from the Tapping Mode 
topography. Letters indicate four different regions: unmodified PMMA (a), with H = 4 x 1075 nJ; 
compressed PMMA (b), with H = 1 x 10-5 nJ; residues of border walls inside the rectangles (c), 


with 6 x 1075 < H < 8 x 107° nJ; and short border walls at the right of the rectangles (c’), with 
8x 10-5 < H < 14x 107 nl. 


Several approach curves present a periodic curve superimposed on the contact 
line. Such ‘oscillations’ of the loading force have been evidenced in the curve 
in Fig. 4. After the points on the zero line (dark grey circles) there is a small 
region where the force increases. All these regions with a positive force gradient 
(dF /dZ = k,) are shown with white circles. The first three regions with a positive 
gradient are followed by three intervals with negative gradient (black circles), the 
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Figure 4. A force—displacement approach curve on the residues of the border walls inside the first 
rectangle. A periodic curve superimposed on the contact line can be seen. Open circles correspond to 
intervals where the first derivative of the force is greater than k,, light grey points to intervals where 
the first derivative of the force is about k,, dark grey points to intervals where the first derivative of 
the force is close to 0, and black points to intervals where the first derivative of the force is negative. 
The letters refer to the model shown in Fig. 5. The inset shows the oscillations around the approach 
contact line values of another force—displacement curve. The oscillations have been evidenced by 
subtracting a quadratic fit from the experimental curve. The period of the oscillation is 24 nm; the 
amplitude is about 200 nN. 


fourth is followed by an interval with zero gradient (dark grey circles), and the last 
three are followed by intervals where the gradient is also positive, but smaller (light 
grey circles). The inset in Fig. 4 shows a loading curve acquired on a tall border 
wall, in which the quadratic fit has been subtracted from the curve. The curve can 
be fitted with a function of the form 


2 
F = asin( +4), 


with b = 24.1 + 0.1 nm and a = 200 + 30 nN. 

The letters on the curve in Fig. 4 correspond to the simple model illustrated in 
Fig. 5. The border wall can be seen as a pile of globular PMMA cluster-like 
structures. At the beginning of the loading phase, the tip pushes on one of these 
globular structures, and the force increases (a). On the top of the border wall, since 
they are not surrounded by other globular structures and/or by the substrate, the 
globular structures are likely to be removed without being deformed or compressed. 


808 B. Cappella et al. 


4 total total 
force 4 force 


) 


total ; é total 
A force force 
Pa 7, 
Ly Ly 
total total 
7 


force force 


NS e/ 
ai : f 


e I 


Figure 5. Model of the periodic dependence of the stiffness on the distance, when force—displacement 
curves are acquired on border walls outside the rectangles or on residues of the border walls inside the 
rectangle. The letters refer to Fig. 4. The globular structures represent the particles, on which the tip 
is pushing. Arrows indicate the force exerted on the tip. 


Once this first globular structure (particle) has been removed, the force decreases 
(b), until the tip meets another particle. This process is repeated several times 
(c, e). Since the tip penetrates further into the border wall and the pushed particle is 
surrounded by other particles and is eventually in contact with the bulk PMMA, the 
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Figure 6. Periodic dependence of the stiffness on the distance along the withdrawal contact line. 
The period of the oscillation is 24 nm; the amplitude is about 150 nN. The oscillations around the 
withdrawal contact line values have been obtained by subtracting a linear fit from the experimental 
curve. The curve has then been fitted to a sinusoidal function. 


successive particles are probably compressed and deformed. Eventually, after some 
cycles, the force after the removing/compressing of one particle, i.e. the sum of 
the forces exerted by all particles in contact with the tip when they are not pushed, 
may stay constant (d) or increase. When all particles have been removed and no 
compression is possible any longer the sample becomes much stiffer than the tip (f). 
The two contributions to the increase of the slope, i.e. of the stiffness, are: (a) the 
presence of an increasing number of globular structures exerting a certain small 
force on the tip; and (b) the effect of the ‘bulk’ structure beneath the border wall. 
The period of the oscillations shown in the inset of Fig. 4 is not determined by the 
distance, but by the force. This means that the force increases until it reaches a 
certain threshold value, i.e. the force at which a globular mass can be moved and 
eventually deformed. Since the force and the displacement are proportional, this 
engenders a spatial periodicity. 

Also withdrawal curves on high border walls show a periodic curve superimposed 
on the unloading curve. A periodic curve obtained by subtracting a linear fit from 
an unloading curve is shown in Fig. 6. Such a periodic dependence is not present 
in all curves showing a periodic curve superimposed on the approach curves (for 
example, it is present in the fourth curve of Fig. 2, but not in the fifth). The period 
of the cycles is the same and the amplitude is similar. A simple model can be 
imagined also for the withdrawal. At the beginning of the withdrawal curve (that is, 
near the maximum force), the compressed particles can partially regain their shape 
as the pushing force of the tip decreases. As the tip is retracted further, the slightly 
compressed particles on the surface regain their position, attempting to close up 
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Figure 7. Adhesion along the white line of Fig. 1. Also the hysteresis of Fig. 3 (grey line) is reported 
for comparison. Arrows mark the regions of compressed PMMA. 


the ‘hole’ left by the retracting tip. By doing this, they follow the retracting tip, 
exerting an adhesion force, until they detach, because the adhesion with the other 
PMMA particles becomes larger than the adhesion with the tip. Sometimes the last 
cycles in the retracting curve are missing, because the particles on the top of the 
border wall have been definitely removed. When the periodic curve is present only 
in the approach curve, and not in the withdrawal curve, it is evident that all particles 
have been strongly compressed and/or removed during the approach, so that they 
cannot regain their position. 

Figure 7 shows the adhesion along the white line in Fig. 1. The grey line is a 
plot of the hysteresis, already shown in Fig. 3. It is evident that hysteresis and 
adhesion are correlated. On unmodified PMMA the adhesion is practically zero. 
On compressed PMMA (regions marked with an arrow) the adhesion is larger, but 
this is likely to be due to a cross-talk with topography: when the tip is placed near 
an edge, the sides of the tip are also in contact with the sample and the adhesion 
increases because it is proportional to the contact area [16]. In any case, the increase 
of adhesion inside or outside the rectangles cannot be due to a cross-talk with 
topography. It is rather due to the fact that the tip has penetrated into the PMMA and 
has carved a hole, modifying the surface topography. As already said, during the 
retraction, the globular particles that have been removed and/or deformed regain 
their position and/or their shape. The first globular particles on the surface, i.e. 
the first particles which have been removed, are likely to follow the tip during the 
withdrawal, thus exerting an adhesion force. 
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4. CONCLUSIONS 


PMMA lithographed by Dynamic Plowing Lithography has been investigated with 
AFM force-displacement curves. This turns out to be important not only to 
understand the mechanical and physico-chemical changes induced by DPL, but also 
to prove the capability of force—displacement curves for sensing and measuring 
particularly small differences in stiffness and adhesion. 

Three different kinds of PMMA have been distinguished: unmodified PMMA; 
compressed PMMA; and low-density PMMA. Both elasto-plastic response and 
adhesion are found to be discriminating factors. In particular, a model has been 
presented in which the low-density PMMA is made up of cluster-like particles, 
whose contribution to the total elasto-plastic response and to the total adhesion can 
be singled out by means of force—distance curves. This model has been confirmed 
by experimental data. 
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